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IN SOLID PROPELLANT COMBUSTION 
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of Technology, for the U. S. Naval Weapons Center under Purchase 
Order No. N-60530-75-M-0077; Purchase Requisition No. 6080-0102-75. 
Submitted to Naval Weapons Center on July 28, 1978. 
PREFACE 
Use of powdered metals as fuel ingredients in rocket propellants 
has led to a substantial increase in research on combustion of metals in 
the last 20 years. Aluminum is the only metal that has seen extensive 
application, and its behavior during combustion has proven to be quite 
complex. Because this behavior has proven to be important in many appli-
cations, it has received particularly intensive study especially in the 
U.S.A. and U.S.S.R. Unfortunately this study has been rather fragmented, 
and it is difficult to achieve effective application of results. 
Over the period 1959 to 1978, research on this subject has been 
maintained at a rather modest level at the Naval Weapons Center, supported 
at various times by the Naval Ordnance Systems Command (now Naval Sea Sys-
tems Command), the Navy Strategic Systems Project Office, and the National 
Aeronautics and Space Agency. This work has been reported in a variety 
of media, indicated in the bibliography. The present report was under-
taken in an effort to provide an interpretive summary of this work, par-
ticularly as it pertained to solid propellant motor applications. It is 
a companion to an earlier report, concerned primarily with combustion 
instability with aluminized propellants (NWC TP 5505). 
During the rather prolonged preparation of this report, a book by 
Pokhil, Belyayev, Frolov, Logachev and Korotkov on the subject of "Com-
bustion of Powdered Metals in Active Media" became available. This book 
summarized most of the rather extensive unclassified Russian work on the 
subject. With this major contribution to the subject, it was considered 
timely to extend the objectives of the present report, to provide an 
applications-oriented review of all solid propellant-related work on 
aluminum combustion. Insofar as practical limitations permitted, this 
is what has been done. The shortcoming of incompleteness is inevitable, 
but hopefully not offensive. Neither the research on aluminum combustion 
nor this review are complete, but the efforts at synthesis of existing 
knowledge seem to yield better understanding and applicability of current 
results and point up the more critical unresolved issues. 
BEHAVIOR OF ALUMINUM IN SOLID PROPELLANT COMBUSTION 
INTRODUCTION 
1.1 Use of Aluminum as a Propellant Ingredient  
The use of powdered metals as fuel ingredients in jet propulsion 
systems is motivated primarily by the high heat release in metal-
oxidizer reactions. The most widely used powdered metal fuel in solid 
rocket applications to date is aluminum, which has been used with pro-
pellants based on ingredients containing primarily H, 0, C, N, Cl. 
These systems lead to liquid Al203 as the principal equilibrium Al - 
containing reaction product. 
Use of powdered aluminum has a number of secondary advantages 
and disadvantages that enter into its choice as a propellant ingredient. 
Aluminum is relatively inexpensive and available; its density increases 
the propellant density and hence the motor propellant loading; it is 
nonreactive during propellant processing and storage; its reaction pro-
ducts are non-toxic; it tends to suppress certain classes of unstable 
combustion. 
Disadvantages in use of aluminum center around the slow combustion 
of the aluminum and the condensed phase state of the reaction product. 
Slow burning of aluminum droplets can lead to impulse loss due to poor 
combustion efficiency. The condensed phase state of the products leads 
to losses by lowered effective molecular weight of the combustion pro-
ducts, and through temperature and velocity lag in the nozzle flow. 
The condensed phase products also cause heat transfer problems in the 
3 
nozzle and in some control systems. In the exhaust, the condensed 
products give sometimes unwanted visibility and identifiability to the 
rocket, unwanted atmospheric effects, limitations on ground-to-rocket 
communication, and contamination of launch and spacecraft structures. 
The foregoing advantages and disadvantages differ in importance 
according to the application and the constraints on design and type of 
propellant. Because the advantages and disadvantages are all in some 
measure dependent on combustion of the aluminum and/or the state of 
the reaction products, their optimum resolution is linked to understand-
ing and rational control of combustion. Further, the advantages and dis-
advantages are highly interdependent insofar as they involve aluminum 
combustion. Thus controlling the combustion in an optimum manner, if 
or when it can be done, will prove to be a juggling act involving com-
promises among problem areas. 
An obvious and familiar example of the juggling act arises from 
the reduction of aluminum content in the propellant to reduce Al 203 in 
the exhaust (to reduce exhaust plume visibility), while trying to keep 
motor performance up and combustion stable. Only recently has the 
knowledge of aluminum combustion progressed to the point of facilitating 
rational trade off between these competing demands on the system. Other 
applicational needs continually give motivation to understand aluminum 
behavior better, either through research or increased familiarity with 
current knowledge. Because the advantages and disadvantages of aluminum 
are so often dependent on details or completeness of combustion of the 
metal and form of the reaction products, there has evolved. a rather 
considerable level of research on combustion of aluminum and other 
metals. Of particular concern has been the role of the aluminum 
ingredient in determining stability of the combustion-flow interaction 
processes responsible for oscillatory combustion. In the present report, 
the current knowledge is selectively summarized in a way designed for 
easier application to propellant-propulsion problems. 
1.2 Experimental Observation of Aluminum Behavior  
Early observations of combustion of the aluminum ingredient in 
propellants consisted of the completely routine measurements of strand 
burning rates, and pressure and thrust during motor static firings. 
Other "global" observations emerged with the applicational problems, 
observations such as light emission by the exhaust plume. As it became 
more evident that understanding of combustion details was important, 
highly specialized tests were developed. High speed motion picture 
photography was adapted for viewing burning propellant samples in 
pressure vessels. 
(R-1) 
 Rapid depressurization quench methods were used 
to recover propellant samples for microscopic study of burned surfaces. 
(R-2) 
Experiments providing for quench and collection of burning 
aluminum droplets from the combustion zone were perfected.
(R-3) 
Experi-
ments were developed for burning one or a few aluminum particles in 
controlled oxidizing atmospheres, with photography and/or quench. (R4) 
Studies were made of ignition and combustion of electrically heated 
aluminum wires.
(R-5) 
 Experiments were developed for observing behavior 
of aluminum during heating to sub-ignition temperatures.
(R6) 
Samples 
of reaction products of aluminized propellants were collected and 
(R-7a) analyzed. 	Experiments were developed to study the response of 
combustion to flow disturbances and measure acoustic damping by the 
(R-7b) 
condensed phase products. These and other experiments, accompanied 
by some advances in theory and computational methods
(R-76)
, have pro-
vided increasing understanding of an exceedingly complex process by 
which the powdered aluminum ingredient reaches the final products, 
primarily Al203 droplets (particles in the exhaust plume). 
1.3 Practical Considerations Motivated Research  
From a rather general view, the presence of aluminum in most 
propellants has very little effect on combustion of the propellant 
itself. True, the propellant reaction products become smoky, but the 
burning rate of the propellant is only mildly affected in most formu- 
lations, except at very low pressures or with very fine aluminum. (R-8) 
 Aside from the intended objective of increased heat release, and the 
expected consequence of a smoky exhaust, the most conspicuous effect 
of using "aluminized" propellants is an originally unexpected. one, an 
almost complete elimination of oscillatory combustion (combustion 
instability). This effect was so widespread that it became almost 
axiomatic (circa 1959), although the absence of an explanation for the 
effect was suggestive of an intricate combustion process concerning 
which very little was known.
(R-9) 
 Photography of the propellant com-
bustion revealed that the detailed behavior of the aluminum combustion 
was indeed very intricate, and the effect on combustion stability of 
the propellant became a compelling stimulus for better understanding 
of the aluminum combustion - especially after it was found that 
(R-10) 
instability was not suppressed in some motors. 	Further stimulus 
came from encounters with low combustion efficiency in some motors, 
high two-phase flow losses in some systems, and poor propellant burning 
characteristics in high-aluminum content propellants for air augmented 
rocket motors. A substantial body of research has now been conducted 
on aluminum combustion behavior. Although the research raises almost 
as many questions as it answers, a brief review of the subject is needed 
now to achieve use of present knowledge and to help guide future research. 
1.4 Brief Summary of Aluminum Behavior  
As a preface to the review in this report of the detailed behavior 
of aluminum in propellant combustion, it may be helpful to present a 
brief description of the more characteristic aspects of behavior. It 
is intended that this "Introduction" thereby provide also a rational 
basis for the approach used in organization of the subject content of 
the report. 
From viewing combustion photography it is evident 
that the aluminum powder usually collects on the receding burning 
surface of the propellant; that numerous particles stick together; 
that these "accumulates" have varying degrees of mobility (according 
to the propellant, pressure, lifetime on the surface); that the 
accumulates eventually inflame and melt down into droplets referred 
to here as "agglomerates". While agglomerate formation can occur 
either in the surface accumulate or after the accumulate has left the 
surface, it is most commonly associated with separation from the burning 
These and other terms that are used in a special sense in this report 
are described in the list of terminology in Appendix A for easier 
reference. 
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surface. An illustration of the accumulation-agglomeration-ignition 
sequences is shown in Fig. 1. Extremes from this area are a) accumulates 
which glow brightly before completely leaving the burning surface and 
never seem to melt into agglomerates, b) agglomerates that form on the 
burning surface and burn for some time with little or no motion before 
departure from the surface, and c) agglomerates that form on the sur-
face (typically on the edge of a flake of accumulate) and progressively 
inflame and engulf surrounding accumulated aluminum. These variants 
are illustrative of the detail required to know what is 
happening on the burning surface of solid propellants. In all or 
virtually all cases, the burning aluminum droplet, comprised of many 
original aluminum particles (as many as 10 6 ) experiences most of its 
burning history after it leaves the propellant surface. The details 
of this burning are not observed well in combustion photography, because 
the droplets are moving rapidly and because (with appreciable aluminum 
content) the Al203 smoke cloud obscures the field of view. However 




2 x 10-3 to 5 x 10
-2 
sec. During this burning time, the droplets in 
a rocket motor would be moving at a speed of roughly 1 to 100 meters/ 
sec., and thus may appreciably fill the volume of the combustion chamber. 
From available knowledge it appears that the ignited aluminum 
droplet burns by both a detached flame and surface oxidation. In the 
detached flame, a veil of Al203 droplets is formed (Fig. 2a), which 
often obscures other details. This flame is apparently responsible 
for formation of about 70-95% of the A1203 product, in the form of 
droplets mostly less than 2pm in diameter. The surface oxidation leads 
Fig. 1 Development of a burning agglomerate. Selected 
frames from a high speed motion picture of the burning 



































Fig. 2. Details of a burning aluminum droplet: a) An agglomerate above a propellant 
burning surface, showing detached flame envelope and oxide lobe; b) Droplet 
and smoke cloud on a quench plate after burning in an oxygen-nitrogen atmosphere 
at one atmosphere, showing smoke pattern in the flame and oxide lobe on the droplet. 
O 
Fig. 2 a 
Burning aluminum agglomerate in the Propellant 
Combustion Zone (from frame of 16 mm motion picture, 
4000 frames per second: magnification times) 
Fig. 2 b 
Picture of aluminum Droplet and 
Associated Smoke Cloud, Quenched on a 
Pyrex Plate. Oxide cap on upper right 
at one atmosphere , 
  
   
Fig. 2 DETAILS OF THE BURNING ALUM= DROPLET 
to accumulation of Al203 on the droplet, Al203 that tends to migrate to 
form a molten lobe, (Fig. 2b), on the aluminum droplet. This accumu-
lation leads to "residual" oxide droplets, with droplet size dependent 
on that of the "parent" aluminum agglomerates. This fraction of the 
product oxide constitutes the other 5-30% of product oxide, in the 
size range 2-50 pm diameter. 
From the foregoing it would follow that the state of the burning 
aluminum droplets and oxide product would be highly spacewise non-
uniform in a rocket motor. Little or no direct data on this subject 
is available. Some of the factors of importance include: effect of gas 
flow on droplet combustion and on product droplet growth, coalescence, 
or shattering of droplets; and effect of gas flow on the propellant 
surface processes such as accumulation-agglomeration-ignition. 
Thus in summary, the aluminum tends to accumulate and coalesce 
on the propellant burning surface, eventually draws up into droplets 
10 to 10
6 
times larger (by mass) than the original aluminum particles. 
The droplets burn primarily after leaving the burning surface, with 
burning times of 2 to 50 milliseconds. The reaction product of the 
aluminum is Al203' which occurs in a "bimodal" droplet size distri-
bution (Fig. 3) resulting from concurrent surface and detached flame 
oxidation of the aluminum droplets. There is considerable (sometimes 
unconnected) information about the steps in the combustion process, 
but very little about the effect of gas flow on the process. 
1.5 Organization of Report  
In contemplating a review of a complicated process like aluminum 
Fig. 3. Weight - diameter distribution of ingredient aluminum 
(H-30) and product oxide for A-199 and A-200 propellant. 
/d. 
DIAMETER d [Am] 
Fig. 3 Size Frequency of Residues of Propellants A-199 
and A-200 and of H-30 Aluminum Powder 
/A 
behavior in propellant combustion, one is confronted with a choice 
of rationale for organization of the subject matter, an effective 
choice that brings in all details naturally and ends up with a good 
perspective of the phenomenon. Such a choice of organization is sug-
gested by the phenomenon itself, and has been present in the description 
in the preceding paragraphs. Thus the aluminum goes through a sequence 
of environments and responses in "passing through" the propellant 
combustion zone, from surface retention to accumulation and adhesion, 
to agglomeration and ignition, to combustion in the motor cavity with 
formation of Al203 products. Because these are reasonably well-defined, 
natural, and important steps in the aluminum behavior, they were chosen 
as the primary basis for organization of the review reported in the 
following. 
/3 
THE INGREDIENT ALUMINUM 
2.1 Uniqueness of Aluminum as a Propellant Ingredient  
As a propellant ingredient, aluminum is unique when compared with 
the other ingredients. It is an element, and hence does not decompose. 
It has low vapor pressure, and hence does not give off reactive vapors 
until it is quite hot (boiling point 2493 °C at 1 atm.). It melts, but 
only at a temperature (660 °C) close to or higher than normally present 
on propellant burning surfaces. Its oxide (Al 203 ) has a very high 
melting point (2042°C), and tends to protect the aluminum particles 
from chemical attack, by forming a rather impervious surface layer on 
the otherwise reactive particles. All of these features tend to 
inhibit participation of aluminum particles in the propellant combustion 
until they are heated appreciably by the high temperature region of the 
propellant flame above the propellant surface, a circumstance that has 
a heavy impact on the aluminum behavior. 
Other properties of aluminum that are of interest in combustion 
are: 
atomic weight 26.98 
density, gm/cm3 (at 20°C) 2.7 
specific heat capacity, cal/gm. °C (at 20°C) 0.214 
thermal conductivity, cal/cm.
2o
C (at 20°C) 0.503 
6 
thermal expansion coefficient, linear, 10 	°C 
(avg. 20-100°C) 23.8 
latent heat of fusion, cal/gm 	 96 . 
latent heat of evaporation, cal/gm 
	 3050. 
(Values from (R-lla)) 
2.2 Typical Characteristics of Commercial Aluminum Powder  
The characteristics of the aluminum used in propellants are dictated 
by practical considerations. Aluminum can be prepared in a range of 
particle sizes and shapes, but the choice of material used in propellants 
is usually dictated by cost, availability and compatibility with pro-
pellant processing as much as by any combustion considerations. Virtually 
all the aluminum used is atomized aluminum, produced primarily for the 
paint and die-casting industries. The atomization is accomplished by 
the aspirator action of an air stream, which draws molten aluminum 
(— 785°C) from a reservoir. The (swirling) air flow atomizes the 
aluminum, which then flows through a cooling tank where the aluminum 
solidifies. Sizing is accomplished by cyclone separators and/or 
sieving. The particles are blobs of simple (but not really spherical) 
shape. A size distribution (Fig. La) averaging about 15 pm is probably 
most favored because it "packs" readily in a matrix involving typically 
coarser oxidizer particles. However, distributions with mass-average 
sizes anywhere in the range 5-50 pm are chosen in various instances, 
with occasional selections of finer or coarser material (1-100 pm). 
Figure 4b shows the shape of typical particles. 
The purity of the ingredient aluminum is not usually stressed in 
its selection and purchase, except that impurities that would interfere with 
propellant processing or significantly reduce total combustion energy 
are avoided. Some of the impurities typically present are Si, Fe, Mg, 
0, N, C. Some of these are thought to be important in corrosion of 
aluminum, and may be important in combustion (primarily through their 
effect on the oxide coating on the particle). However, there does not 
1.0 	 10 	 100 




Fig. 4. Some characteristics of ingredient aluminum: 
a) Typical size distribution; b) Scanning 
electron microscope picture of typical 
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diameter - pm 
Fig. 4 a 
caption 
	
Typical Particle Size Distribution of Aluminum Powder 
used as a Solid Propellant Ingredient 
Fig. 4 b 
ion 
	Scanning Electron Microscope Picture of 
"Typical" Aluminum Particles 
aption 
omment 
Fig. 4 Characterization of Ingredient Aluminum 
Two parts of this figure should fit on one page 
appear to be any definitive evaluation of the effect of impurities or 
additives, probably because of the unavailability of well characterized 
test samples. Studies have been made of alloys (particularly Al-Mg), 
and of aluminum with surface treatment, or with active agents added to 
the propellant. Results of such studies will be discussed later. 
2.3 The Surface Oxide Covering Aluminum Particles  
The high reactivity of aluminum assures that particle surfaces 
will oxidize in air - ordinarily during the manufacturing process unless 
measures are taken to avoid it. The properties of the oxide skin of 
commercial grade aluminum powder have not been the object of careful 
study or control, but are known to be important in die casting from 
powder, and have recently been found to be important to accumulation- 
agglomeration-ignition behavior of aluminum in propellant combustion.
(R-11b) 
The oxide skin is usually less than one micron thick. There is no 
detailed information on its crystalline state, purity, geometrical micro-
structure or growth processes as pertains specifically to atomized 
aluminum. However, a review of general literature on oxide films on 
aluminum is contained in Reference (R-12) , which lists density of 
3.96 gm/cm3 (a - Al203 ) and 3.42 gm/cm3 (y - Al203 ); specific heat 
capacity (average for range 20-1000 °C) 0.304 cal/gm; thermal expansion 
(average for range 20-1000°C) 8.5 x 10 6 deg. C -1 ; heat conductivity 
0.025 cal/cm
2 
deg. C; melting point 2010 to 2050 °C. 
Heating of aluminum powders in controlled atmospheres has been 
used as a means of understanding behavior in the propellant combustion 
zone and suggesting ways to change behavior; such experiments are 
/ '/ 
particularly relevant to those aspects of the behavior involving the 
oxide "skin". It has been found 	that heating of commercial 
powders at about 560°C in one atm of oxygen leads to weight gains 
amounting to about one percent of the particle weight (dependent on 
original particle size), followed by further slow weight increase, 
thereafter. It is further observed that electrical resistance through 
powders, high at normal temperature, drops precipitously near the 
(R-13) 
aluminum melting point (Fig. 5) suggesting breakdown of the oxide skin 
and metallic contact between particles. The first of these results 
shows that the oxide skin is not totally impermeable to diffusion of Al or oxidi-
zing gas or at least does not remain so upon heating to 560 °C. The second result 
shows that the oxide skin does not successfully contain the aluminum  
when still higher temperatures are reached - at least not in the environ-
ment of the laboratory test. 
2.4 Learning About Aluminum and Using the Knowledge  
From the foregoing, one might conclude that there is still a good 
deal to be learned about the aluminum used in propellants, and about 
the possibility of modifying the aluminum favorably. There is indeed 
much that can be learned, and the problems associated with use of 
aluminum (note in Section 1) suggest that some learning might be 
beneficial. However, the available aluminum is regarded by most of 
the "propellant users" as serving its purpose satisfactorily, and the 
logical thread between character of the ingredient aluminum and, for 
example, contamination of spacecraft surfaces, is indeed difficult to 







Fig. 5 Measurements of electrical resistance through aluminum 
powder, showing a breakdown of resistance near the alum-
inum melting point. This is believed to be due to diffusion 
or leakage of aluminum through the oxide skin, and onset 
temperature depends on 'quality' of the oxide skin. The 
same aluminum activity is believed to be responsible for 
sintering. 
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THE PROPELLANT MATRIX 
3.1 Propellant Ingredients and Microstructure  
Before considering combustion, it is helpful to examine the micro-
structure of the propellant, in order to understand the environment in 
which the aluminum will find itself when it is reached by the burning 
surface. The ingredient particles in the propellant are ordinarily 
"randomly" mixed in a binder material such as a polybutadiene rubber 
or a nitrocellulose-nitroglycerin colloid. The nature of the packing, 
and kind of neighbors of individual ingredient particles are important 
to the aluminum combustion, and depend on the mass ratio and particle 
size of ingredients. Each particle is ordinarily separated from its 
neighbors and surrounded by the binder to assure acceptable physical 
properties of the propellant. The kind of neighboring particles is 
affected by the fact that the particle size of ingredients in a given 
propellant ordinarily varies over a wide range, in order to achieve 
high solids loading (which is particularly desirable in order to obtain 
high density and specific impulse). Some simple examples of particle 
packing are sketched in Fig. 6a to 6e, and the examples suggest the 
environment of aluminum particles as they are approached by the 
combustion zone. 
3.2 Critical Factors, Typical Situations  
In examining the different situations in Fig. 6, there are a 
number of critical, but not obvious points to consider. First, the 
aluminum itself is relatively unreactive at the temperatures present 
200pm 
FIGURE ia UNIMODAL AP, 
FINE ALUMINUM 
50pm 
FIGURE 6c ALUMINIZED CMDB 
PROPELLANT WITH AP 
AND HMX 
FIGURE* BIMODAL AP, 
FINE ALUMINUM 
FIGURE 6d. UNIMODAL AP, 
ALUMINUM THE SAME 
SIZE 
vZl 
FIGURE Cige RELATIVELY COARSE 
ALUMINUM (OR FINE AP) 
Fig. 6 Examples of Microstructure of Composite Propellants sketched 
as they would appear in a plane cut through a sample (in all 
examples the cross sectional area allocated to binder in the 
sketches is about double that of real propellants, in the in- 
terest of clear sketching and reproduction of the figure: open 
areas designate ammonium perchlorate, solid spots designate 
aluminum, shaded areas designate binder, cross hatched spots 
are HMX or other particulate ingredient} 
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anywhere within the solid, because of the protective oxide "skin" on 
the particles. Second, the aluminum is surrounded by binder material; 
the binder or its pyrolysis products are rarely good oxidizers of 
aluminum or reducing agents for the oxide skin. Thus the situation is 
not initially conducive to aluminum reaction, a situation that applies 
even at the propellant surface, where aluminum particles are initially 
in a fuel atmosphere. Third, in some cases (fine Al, coarse AP, Fig. 
6a), the aluminum is clustered in the propellant in pockets of binder 
between the AP particles, with oxidizer particles "remote" from most of 
the aluminum. This may be modified by use of a combination of coarse 
and fine AP, so that there are some fine AP particles intermingled with 
the aluminum (Fig. 6b). However, the general situation is still initially 
conducive to delayed ignition of the aluminum in the combustion wave for 
the previously noted reasons (low vapor pressure, protective oxide, non-
reactive surroundings). Fourth, the AP may be a relatively minor 
ingredient, with considerable double base binder and/or other ingredient 
of lower oxidizing potential like HMX (Fig. 6c). Then the aluminum may 
be rather thinly dispersed through the more voluminous binder with only 
occasional proximity to the limited AP present. Fifth, there is the 
unique situation where all solid particles are of the same size (Fig. 
6d). This latter situation leads to a relatively low probability that 
an aluminum particle will have another aluminum particle for a neighbor - 
or perhaps more important - a high probability that an aluminum particle 
will have one or more oxidizer particles as neighbors at the burning 
surface. A sixth situation may prevail, in which the aluminum particles 
are large compared to the other ingredients (Fig. 6e). A seventh  
factor meriting consideration relative to environment of the aluminum 
is the solids-loading of the propellant: with high solids loading, 
proximity of most aluminum particles to an oxidizer particle is assured 
because of the particle size blending used to achieve favorable packing 
in the mixture. In this case the aluminum particles are likely to be 
engulfed in a hot diffusion flame as soon as the surface reaches them. 
These considerations are expected to be crucial as the aluminum is 
reached by the reaction region, as they affect the relative propensity 
for ignition versus surface accumulation of the aluminum. 
CONDITIONS AT THE BURNING SURFACE 
4.1 Surface Decomposition and "Wetness"  
In the last section, the microstructure of the bulk propellant 
was discussed with the idea of clarifying where the aluminum was located 
in the structure, and where it would be located on the surface. Of 
course, the actual state of affairs on the surface depends on how the 
exposed ingredients behave in the surface environment of high temperature 
and reactive chemical species. Thus it is important whether ingredients 
melt and flow, whether they leave the surface before vaporization, 
whether their decomposition is endothermic or exothermic, and whether 
they provide an oxidative or reducing chemical environment for the 
aluminum. These questions will be examined in this section. 
At the outset, it is desirable to note the many decomposition 
studies that have been made on propellant ingredients, and to consider their 
relevance or irrelevance to the subject of surface conditions during burning. 
Those studies include several tests classed as thermal decomposition 
\ 
experiments (Fig. 7) (R-l) , and combustion experiments
(R-15)
. They 
are often supplemented by mass spectrometric measurements (R-16) , high 
speed photography
(R-17)
, or microscopic or chemical examination of 
"quenched" samples and combustion residues (R-18) . There have been many 
investigators who believed that propellant combustion (i.e., steady 
state burning) could, be explained in terms of the thermal decomposition 
experiments
(R-19)
, picturing ingredients as transforming independently 
from solid to gas in the combustion zone at rather modest temperatures, 





Fig. 7a Bulk decomposition of ingredients: Differential 
thermal analysis of ammonium perchiorate, showing 
crystal phase change and exothermic decomposition. 
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Fig. 7b Bulk decomposition of ingredients: Differential 
scanning calorimeter records of propellant binders 
and comments on physical behavior from companion 
tests in hot stage microscope. 
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accumulation of intermediate or final products on the burning surface. 
In the case of an unaluminized propellant, this would imply a burning 
surface that reflected the microstructure of the propellant matrix (Fig. 
6), with more rapidly decomposing ingredients recessed below the mean 
surface, and more slowly decomposing ingredients protruding above the 
mean surface (Fig. 8a). In practice surfaces of this kind are observed 
(Fig. 8b), but the oversimplification of the ingredient decomposition 
model is indicated by the dependence of the surface microstructure on 
pressure, catalysts and particle sizes in ways not predictable on the 
basis of low temperature decomposition characteristics alone. More spe-
cifically, the question of which ingredient protrudes and which is re-
cessed depends not only on decomposition characteristics, but also on 
flame zone structure (Fig. 8d). 
A more careful look at the decomposition of ingredients has been made 
in recent years, and it is observed that decomposition is far more than 
a gassification at the surface. It has long been known that some oxidizers 
(e.g., ammonium nitrate) melt, and it is reasonable to assume that decomp-
oisition in the melt will produce a solution of melt and products, very 
likely containing bubbles of gaseous products. Ammonium perchlorate has 
been observed, contrary to earlier reports 
(R-20), 
 to have a very complex 
surface during decomposition (Fig. 
9)(R-21) 
andself deflagration (Fig. 10a) 
(R-22) with evidence of a liquid surface during deflagration. Potassium 
perchlorate is observed to burn with accumulation of liquid KC1 product on 
the surface, a phenomenon observed even with potassium-doped ammonium per-
chlorate crystals (Fig. 10b)
(R-23)
. Most binders exhibit molten surfaces, 
(Fig. 7b, 11), even during slow decomposition experiments. The binder 




Fig. 8a Slowly decomposing ingredients protrude 
above the mean surface. 
Figure 8 Burning Surface and Combustion Zone Structure 
(non-aluminized propellant). 





   
Quenched from 
150 psig 
Fig. 8b Surface structure of samples quenched at 
different pressures. 
Fig. 8c Propellant internal microstructure as 





Fig. 8d Sketch describing the structure of the 
gas phase combustion zone. 
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of AP single crystal (focus is on the 
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9b Decomposition sites at higher magnification, on the m - face 
(scanning electron microscope picture, tests at 	°C). 
9c Surface of AP spheres after partial sublimation at 
	oC 
(scanning electron microscope pictures). 
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PA f< r 	Decornposition sites on c-face of -AP siugle 
crystal; focus is on surface. 
P1 	b Scanning electron microscopy. 
Appearance of product in a plane parallet -to an mface ( x 220). 
The residue under higher magnification ( x 1100). 
Scanning Electron Microscope 
Beginning Sublimation 
Photographs of Ammonium Perchlorate After 
Fig. 9. Complexity of Decomposition of Ammonium Perchlorate 
Fig. 10a Top, surface pattern on deflagrating AP crystals at three pressures 
(SEM's of samples quenched by rapid depressurizatiol); Bottom, details 
of quenched surfaces, showing evidence of a liquid layer. 
Fig. 10 Complexity of Deflagration of Ammonium Perchlorate 
1500 psia 
Fig. 10b Quenched surfaces of impure crystals; on left, 
AP doped with 0.8% K+, quenched from 600 psia; on 
right, AP dped with 0.015% Cr 20 7 , quenched from 
2500 psia. These samples illustrate the tendency 
for accumulation oi the burning surface. 

Fig. 11 Evidence of binder flow, manifested 
by quenched sample consisting of a binder 
layer sandwiched between 2 sheets of AP. 
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stable intermediate products and chars on the surface. Except in the 
case of ammonium perchlorate, the effect of addition of burning rate 
modifiers on these processes has been only superficially examined. The 




In terms of aluminum behavior, a burning model based on simple 
gassification of surface ingredients would imply that when aluminum 
particles are present, they would emerge at the binder surface and 
(being incapable of decomposition and not hot enough to evaporate) float 
away in the binder pyrolysis products. The surrounding binder product 
flow is usually a poor oxidizer or a non-oxidizer, so most aluminum par-
ticles would not ignite until they encounter more fa*,orable temperatures 
and oxidizing atmospheres in the diffusion flame. The most conspicuous 
difference between this "idealized" picture of aluminum behavior and the 
real behavior is implicit in the more sophisticated view of the ingre-
dient pyrolysis with surface wetness and accumulation of products de-
scribed above. Liven these conditions it is reasonable to expect that 
the aluminum particles will not depart the surface immediately, their 
behavior instead depending on their own nature, the nature of the other 
surface materials, the nature of the surrounding gas, and the temperature. 
4.2 Surface Temperature and Aluminum Heating  
As the burning surface of a propellant approaches any one aluminum 
particle, the particle temperature starts to rise. Under typical conditions 
(burning rate 10
4 pm/sec), the temperature rise in the solid (from 1/2 of 
the total rise, up to the surface temperature) occurs in 1.5 msec in a 
3 9 
layer 15 pm thick (less at higher burning rate). Thus, an aluminum 
particle is of the same order of size as the thermal wave. 
Protected by its oxide "skin" and. non-oxidizing fuel environment, 
the aluminum simply absorbs heat as the burning surface approaches. A 
simplified calculation
(R-26) 
(applicable to fine particles in a thick 
thermal wave) shows that the aluminum temperature remains close to that 
of the surrounding material in the thermal wave; larger particles (for 
which the calculation is not quantitatively valid) are predicted to have 
a temperature lag. The calculations are helpful in visualizing the 
aluminum particle heat-up, but one must keep in mind the complexity of 
the burning surface, in which emergence of the aluminum particles may 
occur in a three-dimensionally complex burning surface with protruding 
or recessed surfaces of aluminum-loaded binder, with particles that may 
be dimensionally of the same order as the thermal wave or binder element. 
Because of geometrical complexity and rapidity of temperature 
change, it is difficult to define any precise thermal environment for 
the aluminum. As indicated above, the particle sees a rapid temperature 
rise in the solid and emerges at the surface in a film (usually) of 
molten binder and/or intermediate decomposition products. At this point 
it becomes exposed to high heat flux from the flame zone. The subsequent 
temperature history is a matter of speculation, presumably dependent on 
location of the particle relative to the diffusion flamelets (Fig. 8:d) 
and oxidative species. A useful reference point for discussion of 
temperature effects on the aluminum is the surface temperature of the 
propellant, and its value relative to the melting point of the aluminum 
(660°C). Hydrocarbon binders have surface temperatures of roughly 575 - 
3S- 
700°C, value depending on type of binder, type of measurement, and 
burning rate (surface heating rate)
(R-27)
. Some binders (e.g., fluoro-
carbon, polymide) exhibit much higher surface temperatures, and the 
nitrocellulose-nitroglycerin binders exhibit lower surface temperatures 
in the 350 - 400°C range
(R-28)
. Ammonium perchlorate surface temperatures 
are apparently in the vicinity of 600 °C (R-29). 
Because of the poorly determined, ingredient-dependent value of 
the surface temperature, and because of the thermal lag in heating the 
aluminum particles as they are approached by the burning surface, no 
general statement can be made as to whether the aluminum is solid or 
molten when it emerges at the burning surface. Either situation might 
pertain, depending on the variables noted above. One might anticipate 
that this would be an important question, and it will be discussed in 
later sections, where the behavior of the aluminum during its residence 
on the surface is discussed. 
4.3 Consequences of Surface "Wetness"  
One of the originally unexpected aspects of behavior of aluminum 
in solid propellant combustion was the tendency for agglomeration into 
large droplets. The processes governing this behavior, discussed in 
the next section, are not yet fully understood. However, one prerequisite 
to agglomeration is the opportunity for aluminum particles to come in 
contact with each other. It has been suggested that this opportunity 
arises from mobility of aluminum relative to the burning surface (R-30) 
although it is not clear why such mobility would lead to surface-wise 
motion rather than escape from the surface. Actually, the "wetness" 
36 
of the surface dictates that aluminum particles will be temporarily 
retained there by surface tension, giving rise to the opportunity for 
accumulation in situ. Combustion photography and quench-burn tests 
give decisive evidence of such accumulation, with the aluminum distri-
buted on the burning surface (Fig. 12) in a pattern indicative of the 
original distribution in the binder (Fig. 6, 8). This accumulation 
of aluminum sets off a complex chain of events that dominates aluminum 
combustion. 
37 
Fig. 12 Array of aluminum particles in the binder around the larger oxidizer particles 
(surface quenched by rapid depressurization). 
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ALUMINUM BEHAVIOR ON 
THE BURNING SURFACE 
5.1 Kinds of Surface Behavior  
Given the surface retention of aluminum particles and surface 
conditons described in the foregoing, a variety of processes become 
possible, many of which are revealed by combustion photography (e.g., 
Fig.1, 13, 14 (R-31)). In the simplest case, typical of propellants 
with low aluminum concentration, the particles linger briefly and then 
depart the surface. When the aluminum concentration is higher, the 
surface-attached particles are joined by other emerging particles. 
Then the particles tend to stick together by either adhesion or cohesion 
(see App. A for terminology). This leads to an appreciable concentration 
of aluminum on the burning surface, in the form of an interconnected 
Layer of filigree (Fig. 12). The accumulation may form into recog-
nizable fragments of interconnected particles, referred to here 
4 as accumulates', (App. B), which tend to adhere for a time to the surface 
with varying degrees of mobility. Eventually the accumulates melt down 
into burning agglomerates, (App. B), either on the burning surface or 
after leaving the surface. Fig. 15 outlines the different paths that 
an aluminum particle may follow in the foregoing evolution from emerging 
particle to burning droplet. 
It is particularly instructive to note two features of the 
"progress chart" in Fig. 15: a) the experiences of any aluminum 
particle on the surface are sequential (although not all identical), 
and b) the chart tells very little about the mechanistic basis for 
• 
Fig. 13 Accumulated aluminum as shown by combustion 
photography -- note the loosely attached 
filigree. 
Fig. 14 Accumulated aluminum as shown in combustion 
photography -- note the crust-like layer, 




,Fig. 15 Sequence of aluminum behavior in the solid 
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the steps in the sequence. The first of these features and Fig. 15 
imply that the aluminum particle may experience a wide range of conditions, 
situations, and changes while on the burning surface; and that all 
aluminum particles will not follow the exact same sequence, even in 
combustion of a single piece of propellant (because they are not all 
similarly located in the propellant microstructure). 
The second of the features of the progress chart (Fig. 15) 
stressed above follows from the heavy reliance of present know- 
ledge on the experimental method of combustion photography, which does 
not produce fundamental (detailed) information about ingredient behavior 
and combustion zone structure. In the following, aluminum behavior on 
the surface will be described from photographic observations, but will 
also be explained in-so-far as available information from other types 
of observations permits. Because of the paucity of fundamental infor-
mation, the explanations may not be satisfyingly unequivocal; but the 
present situation has a need for explanations, even though some of the 
explanations merit only the rank of hypotheses. 
5.2 Propellant - Combustion Zone Microstructure and Accumulation of  
Aluminum  
In Section 4 the surface configuration of burning unaluminized 
propellants was illustrated by photomicrographs of quenched surfaces, 
a subject discussed also in many other references, (R-32). The sketch 
in Fig. 8 describes the appearance of burning surfaces of unaluminized 
propellant in profile. Although quench testing of aluminized propellants 
has been less extensive, the collective results of sources of information 
suggest that the burning surface progresses in the manner sketched in 
Fig. 16, (particularly for propellants with microstructure such as in 
Fig. 6a). The aluminum accumulates on the binder surface as seen in 
Fig. 12. The pattern of the accumulation conforms to the presence of 
binder underlying the aluminum, although under unfavorable combustion 
conditions (e.g., low pressure, low oxidizer content) the aluminum 
may overlie the entire burning surface((Fig. 13, 14;(R -31)).The preference for 
accumulation of aluminum on the binder surface is of course due first 
of all to the fact that the aluminum is contained in the binder in the 
original mix, i.e., it is in binder when reached by the surface. The 
fact that surface retention occurs in the binder leads to accumulation 
there, and explains the earlier preoccupation with the surface wetness 
that causes the retention. These observations in turn explain why the 
distribution of aluminum particles on the surface so often reflects 
the binder distribution in the underlying propellant matrix (Fig. 12). 
However, this pattern is locally transitory as the burning front pro- 
gresses through the matrix (Fig. 16), and we are concerned with the corresponding 
transitory nature of the environment of any aluminum particle or 
accumulate. The detail in Fig. 16 suggests how the environment of the 
accumulating aluminum gradually changes at a given location, until the 
accumulate is substantially surrounded by oxidizer products, and possibly 
by tips of the binder-oxidizer diffusion flame canopy. At this time, 
the underlying "sticky" binder melt is presumably gone, and one might 
expect the accumulate to be only tenuously held to the burning surface, 
and ready to ignite or leave the surface. 
It is the foregoing reasoning that led to the "pocket" model of 
Fig. 16 Sketch depicting the concentration of aluminum in the 
binder areas of the burning surface, and subsequent 





accumulation-agglomeration (R-34), which rests on the fact that there 
are concentrations of aluminum particles in the propellant microstructure 
located at those sites of larger binder content among adjoining AP 
particles. The model hypothesizes that the aluminum particles in these "pockets" 
of binder accumulate only until the binder in the pocket is pyrolyzed 
and underlying AP exposed, at which time the accumulated aluminum 
detaches and melts into an agglomerate. This relates the final aluminum 
agglomerate size to the amount of aluminum in the binder pocket, and 
the agglomerate size is correspondingly dependent on the aluminum con-
centrations in the propellant microstructure and is sensitive to 
oxidizer particle size, but insensitive to aluminum particle size (R-34). 
Observed correlations have supported these hypotheses under favorable 
combustion conditions (R-35). However more extensive accumulation 
occurs at low pressures and with very high aluminum concentrations 
(i.e., pocket accumulates are interconnected). Further, accumulates 
form also with propellant microstructures having no conspicuous binder 
pockets (e.g., propellants using multimodal AP particle size distri-
bution), indicating that the "pocket model" is not sufficient as a 
scheme for explaining agglomerate size. Thus existing information 
offers qualitative insight into accumulation behavior, but more under-
standing of the detailed mechanisms is evidently needed to really 
understand formation of these more complex accumulates. In order to 
extend the picture of accumulation beyond the simple pocket model, a 
more basic look will be made in the following at the information 
bearing on accumulate formation. 
5.3 How Accumulates Form  
5.3.1 Adhesion - Cohesion 
In the last Section it was hypothesized that aluminum accumulation 
was a result of adhesive action by melts of binder and/or binder decompo-
sition intermediates (a subject discussed in Section 4.1). While very 
little is actually known about the microscopic and chemical details in 
the combustion zone, the hypothesis of adhesive action is given credence 
by a number of unambiguous observations. 
a) The aluminum does accumulate and adhere to the surface, and 
particles do adhere to each other. 
b) "Melting" and charring of binders is observed in hot stage 
microscope tests, (R-36). 
c) Liquid layers are observed on binder surfaces during combus-
tion of unaluminized propellants and sandwiches (R-37). 
d) Accumulate removed from the burning surface after quenching 
has been shown to include materials of lower density than aluminum, 
probably carbonaceous (R-38). 
e) The formation of accumulates is affected by the type of 
binders involved (R-39). 
Thus it seems very likely that the initial formation of accumulates 
results from adhesion due to binder intermediates. As will be seen 
below, this is not the only means of formation that must be considered. 
During the life history of an accumulate, it proceeds to a pro-
gressively hotter region of the combustion zone. The initial formation 
of accumulates by adhesion occurs as a natural consequence of concen- 
it7 
tration in a layer of molten binder, primarily at temperatures below 
or near the melting point of aluminum, and in a fuel-rich atmosphere. 
In the course of its stay on the burning surface, the accumulate apparent-
ly reaches temperatures considerably higher than the melting point of 
aluminum. (This view was discussed in Section 4.2 and will be discussed 
in Section 6, but can be inferred by the fact that aluminum survives for 
some time on the surface, exposed to heat flux from the diffusion flame.) 
Laboratory tests on binders and aluminum (R-40) indicate that the 
binders decompose rapidly at 500-700 °C, and that aluminum powders are 
active in that range. Some particles will no doubt be released from 
the surface (Fig. 15, 16) due to reduced adhesive action by the decomposing 
binder. On the other hand, many, or most particles will (depending on 
the binder) adhere directly to each other due to direct particle inter-
action, especially if the binder adhesive action survives to the melting 
point of the aluminum where the activity of the aluminum increases (R-41). 
Once aluminum particles become stuck together by their own interaction, 
they are resistant to ignition because of the oxide film on all surfaces. 
However, the transition from an accumulate produced by binder adhesive 
action to an accumulate preserved by direct particle interaction ("cohesion" 
or "sintering"), is a delicate one in which both binder and aluminum pow-
der characteristics are believed to be critical to the integrity of the 
accumulate. However, the interplay of binder adhesion and direct Al parti-
cle cohesion, in combustion zone environments is not far beyond a specula-
tive state of knowledge to date. 
5.3.2 Heating Tests on Aluminum Powder 
Because of the difficulty in observing the formation of accumu-
lates in the combustion zone, the process has been studied in a variety 
of more simple laboratory tests, the simplest being controlled heating of 
aluminum powders in controlled atmospheres. The electrical conductivity 
tests noted in Section 2.3 are an example, but the most extensively used 
technique is the hot stage microscope (HSM) (R-42). It was observed 
early in such studies that: 
a) Particles expanded visibly at the melting point (R-43). 
b) Contacting particles often coalesced (inert atmosphere) 
in the temperature range 700 - 900 °C, leaving visible fragments or 
intact empty oxide shells near the agglomerate (Fig. 17, R-44). 
c) Particles on platinum surfaces "drained" leaving empty 
oxide shells (Fig. 18, R-45) in various states of collapse. 
d) In b, when the atmosphere that was used was oxidizing (air 
or 
02/N2 
mixtures), coalescence of particles was impeded, and instead 
oxide-coated bridges formed between particles (Fig. 19, R-46). 
e) Enhancing the initial oxide coating on the particles by 
baking the powder in an oxygen atmosphere not only raised the temper-
ature at which a drop in electrical resistance of powders occurred 
(Fig. 5), but also reduced the tendency of particles to coalesce, drain 
or bridge together in the hot stage microscope tests (R-47). 
The mechanistic basis of the observed behavior in the HSM was 
suggested by earlier hot plate drop (HPD) tests, in which aluminum 
particles were dropped on a sapphire plate preheated to 1400 °C by a 
burner flame (R-48). These particles were examined later with a scan-
ning electron microscope (SEM), and showed particles in various stages 
of coalescence (Fig. 20). Detailed examination showed 
a) that the oxide coating had been extensively cracked, presumably 
4g 
.Fig. 17. Behavior of aluminum powder heated to the 700 - 900 °C 
range in argon. Note agglomeration and drainage of 
oxide shells. Pictures taken after cooling. 
Fig. 18 Aluminum particles heated on platinum wire. Sur-
face tension causes characteristic cone, leaving 
emptied collapsed oxide shell. Picture taken 
after cooling, SEM. 
Fig. 19 Behavior of aluminum powder heated to the 700 - 900 °C 
range in air. Note absence of agglomeration, occurrence 
of sintering between particles. Picture taken after 
cooling. 
Fig. 20 Behavior of special spherical aluminum powder when dropped 
on a flame-heated plate at 1400 °C. Note large agglomerate, 
crack patterns on oxide surfaces, wrinkling during cooling. 
SEM. 
due to differential thermal expansion of the metal and its oxide coating, 
b) that aluminum leaked through the cracks, leading to agglomer-
ates and to empty oxide shells (Fig. 21), 
c) that some contacting particles were sintered together (Fig. 22, 
23 ) without draining, 
d) that aluminum leaking through cracks at free surfaces tended 
to oxidize in place, forming beaded ridges (Fig. 23). 
The aluminum particles leading to the above observations by SEM 
were rather unique particles, in that they were spherical; relatively 
large; and appeared to have very thin, uniform oxide coating (R-49). Similar 
hot plate drop tests have been made on an electrically heated plate (R-50) 
using propellant grade aluminum similar to that in the HSM and electrical 
resistance tests. These tests do not reveal well-defined cracks in the 
oxide shell, although drainage, agglomeration and bridging do occur in 
varying degree (depending on atmosphere, aluminum powder, proximity of 
particles, and temperature). Some particles show a unique form of 
response (Fig. 24a) (R-51) suggestive of inflation during heating, followed by 
collapse during cooling. It is also noted in HSM tests that particles 
often exude aluminum into wart-like protrusions during heating, often 
with indication of subsequent collapse of the oxide shell during cooling 
(Fig. 24b) (R-51). 
Collectively, the heating tests on aluminum particles and powders 
(electrical resistivity, HSM, and HPD + SEM tests) demonstrate that 
above the aluminum melting point, the aluminum is no longer fully and 
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Fig. 21 Drained, cracked oxide 
shell from same test as 
Fig. 20. 
Fig. 22 Sintering of contacting 
particles; same test as 
20, 21. See also Fig. 23. 
Fig. 23 Sintering, and beaded 
ridges sealing cracks; 
same test as Fig. 20 - 22. 
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Fig. 24a Collapse of oxide 
coating due to 
aluminum contraction 
during cooling. 
Fig. 24b Evidence of extrusion 
of aluminum during 
heating (to form the wart-like 
protrusion), followed by col-
lapse of the oxide coating of 
the partially drained particle 
during cooling. 
Fig. 24 Behavior of propellant-grade aluminum particles; samples heated 
to 900°C in an oxidizing atmosphere. 
consistently contained in oxide shells. In inert atmospheres the 
aluminum can drain completely from the shell, and adjoining particles 
can agglomerate if contact is made, leaving empty oxide shells. In 
oxidizing atmospheres, the "escaping"aluminum is oxidized quickly, 
and thus does not drain so readily from the oxide shell. However, con-
tacting particles sinter together, presumably by oxidation of escaping 
aluminum at points of contact among particles. 
5.3.4 Accumulates in Simple Combustion Systems 
To this point it is easy to believe that aluminum in a propel-
lant can concentrate, form accumulates, and adhere to a binder surface. 
It is less clear how to tell in advance that surface accumulates will 
linger on the surface and sinter as the binder adhesive pyrolizes (al-
though it seems clear that such processes do occur). Some insight on 
this issue is provided by observations of combustion of aluminum in "model 
propellants." Two examples are the combustion of samples made by a) 
pressing AP/A1 powder mixtures, and b) laminating aluminized binder 
between two sheets of AP (sandwiches). 
Combustion of dry-pressed powder mixes (R-52) has shown that 
aluminum accumulates on the burning surface even in the absence of 
binder adhesive action. In other words, the environment at the burning 
surface of the AP is not necessarily conducive to either ignition or 
detachment of the aluminum. In addition, some form of sintering occurs. 
The practical significance of this is that in propellant combustion 
the different chemical environment does not prevent the accumulation-
cohesion from occurring in the manner observed in controlled heating 
tests. That is, the exposure of accumulating aluminum to underlying oxidi-
zer during regression of the propellant burning surface is not necessarily 
the terminal phase of accumulate growth as assumed in the pocket model. 
Instead, interaction with the diffusion flame may be important in 
limiting the growth of accumulates, and the proximity (and temperature) 
of that flame may be an important factor in accumulate size. It is 
also of interest that the accumulation-shedding of aluminum on the 
burning surface of dry-pressed AP-Al pellets is often periodic in 
manner (Fig. 25, 26) (R-53,54), suggesting that the departure from 
the surface is a result of growing resistance to flow of gases from 
the underlying AP. 
The nature of accumulate formation in the propellant combustion 
zone is also suggested by sandwich-burning experiments involving 
aluminized binder (R-55). In these tests, behavior of accumulates is 
observed by combustion photography. The accumulates form in the ex-
posed surface of the binder layer (Fig. 27). Their subsequent behavior 
can be classified in three categories, related to where they are lo-
cated relative to the oxidizer-binder interfaces. Accumulates formed 
in the binder at locations most remote from the interfaces leave the 
surface as accumulates, while those near the interface (and diffusion 
flame) tend to coalesce and burn when they leave the surface. Some 
accumulates "flop" over onto the burning AP surface, and are observed 
to adhere without coalescence for some time. These observations re-
inforce the views that 
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Fig. 25 Inflammation and detachment of accumulated aluminum from the 
burning surface of a dry-pressed sample of AP-Al mixture 
(R-53). (Made from 16mm motion pictures at 	frames per 
second.) 
Fig. 26 Periodic luminosity from combustion of sample of 
dry-pressed AP-al reflecting powder accumulation-
detachment-combustion of aluminum (R-54). 
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Fig. 27 Sketch showing sequential appearance of aluminum accumulation 
during burning of AP-binder "sandwiches" with aluminum in the 
binder (from 16mm movies). 
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b. Ignition of accumulates is impeded by persistence of a 
fuel atmosphere. 
c. Accumulates can survive and adhere to the oxidizer 
burning surface, even accumulates formed on the binder  
surface 
d. The diffusion flame quickly breaks down the structure of 
detached accumulates. 
Collectively, the results in this section (5.3) concerning the 
behavior of aluminum in controlled environments and in simple combus-
tion systems are consistent with interpretation of propellant combus-
tion behavior described in Section 5.2. 
a. The behavior of the binders during heating is indeed 
favorable for concentration and adhesion of aluminum 
particles without ignition. 
b. It is plausible that aluminum particles may coalesce 
to form agglomerates while still in a binder (fuel) 
environment (on the pyrolizing binder surface, before 
all binder is gone from the particles). 
c. It is plausible that the accumulated particles may sur-
vive in an interconnected state (accumulates) when ex-
posed to the AP oxidizing environment, without immediate 
agglomeration or ignition. Under these conditions the 
binder residues are probably consumed 	and particle 
cohesion occurs through sintering. 
d. The behavior in b and c can occur on the burning surface 
at temperatures about the aluminum melting point. 
g-q 
e. Ignition of accumulates does not occur readily in the AP 
deflagration zone, and consequently is dependent on exposure 
to the diffusion flame. Accordingly, conditions conducive 
to surface proximity of the diffusion flame to the accumulate 
(or the release of the accumulate into the flame) are con-
ducive to agglomeration-ignition, which is the termination 
of accumulate growth. 
5.4 Variety of Accumulates  
From the arguments regarding the nature of the combustion zone 
and how accumulates form, one might anticipate that the wide variation 
in propellants in use would lead to a variety of accumulation "habits". 
Indeed the variety is so great that detailed discussion is relegated to 
a later report. In the present Section a description of most typical 
behavior and trends is presented. 
5.4.1 Smooth Accumulate Layers 
Ammonium perchlorate - hydrocarbon rubber - aluminum propellants 
usually have an irregular grey layer of aluminum on the burning surface, 
the irregularity being related to coarseness of the AP and to combustion 
zone factors affecting ignition of the aluminum. A smooth layer (Fig. 28) 
is favored by fine AP, medium aluminum concentration (10 - 20%), inter-
mediate pressure (200 - 600 psia), Al particle size smaller than AP 
particle size, and fairly high solids loading. This type of accumulate 
layer apparently evolves from conditions where favored accumulation sites 
(pockets) are absent, aluminum is relatively homogeneously distributed 
in the propellant, regions of molten binder are closely spaced on the 
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Fig. 28 Smooth aluminum accumulate 
layer typical of propellant 
with fine oxidizer particle 
size: frame from motion 
picture. 
Fig. 29 Irregular aluminum accumulate 
layer typical of a propellant 
with coarse AP, low AP con-
tent, high al content, or 
low pressure. 
Fig. 30 Accumulate filigree resulting 
from extreme conditions of 
Fig. 29, specifically, high Al 
content. Also typical of 
NC-NG-AP-HMX-Al propellant 
with low AP content or low 
pressure. 
surface beneath the accumulating aluminum, conditions are favorable for 
extensive surface-wise sintering, and ignition conditions for the alumi-
num are good enough to prevent large accumulates from protruding or flap-
ping far from the propellant surface. The accumulation layer usually 
breaks down either by cracking to form "flake accumulates" (low pressure), 
or by emitting smaller, already igniting fragments. These will be described 
further in Section 6. 
5.4.2. Irregular Accumulate Layer 
An irregular layer of aluminum occurs (Fig. 29) when the oxidizer 
is coarse, the pressure low, the Al concentration high, or the oxidizer 
concentration low. These conditions correspond to initially irregular 
distribution of aluminum in the propellant (in binder pockets) and unfavor-
able conditions for ignition or removal from the surface (permitting inter-
connectedness among pocket accumulates). The accumulate layer breaks down 
locally by either local ignition or gas flow forces, causing partial 
break-away of parts of the layer to give large surface-attached accumulates. 
When aluminum concentration is exceptionally high, these lingering accumu-
lates may be interconnected, to give a filigree-like accumulate hundreds 
of micrometers across loosely connected to the propellant surface (Fig. 30). 
5. 4.3 Most Typical Accumulate Layer 
The most typical aluminum accumulation on the burning surface appears 
as an irregular grey layer from which individual accumulates emerge abruptly 
without visible interaction with neighboring parts of the layer. The size 
of the accumulates is extremely varied, with the largest being of the same 
order as the "pockets" among the coarser AP particles ( 10
3 
aluminum 
particles). As will be noted later, the emergence of recognizable individual 
accumulates from the surface is often concurrent with their ignition. It 
is probably significant that the "most typical" propellants have blends of 
different oxidizer sizes, and that the corresponding "most typical" accu-
mulates are often of sizes large enough so that they overlay the fine 
oxidizer and appear to be size-limited by the coarse oxidizer. The actual 
details of processes determining accumulate size for these high-solids 
propellants are only partially understood because of the complexity of the 
microstructure, but some significant studies based on systematic variation 
of particle sizes of ingredients are in progress or recently completed (R-56)  
In addition, some speculative interpretation is made in Section 6. 
5.4.4 Other Distinctive Accumulate Behavior 
It is sometimes observed that ignition of aluminum will occur in 
an accumulate layer like that in 5.4.3, without prior evolution of any  
identifiable accumulate in the layer (Fig. 31). In such situations the 
concept of an accumulate may seem superfluous, since no definite accumu-
lates are seen in the aluminum layer. However, inability to observe does 
not prove nonexistence, and the fact is that a specific part of the layer 
is involved in each surface ignition event, a part relatable to the pro-
pellant microstructure. Indeed it is observed that in certain propellants 
the ignited agglomerate (See Section 6.4 ) will linger on the surface for 
some time without appreciable movement or involvement of neighboring parts 
of the aluminum layer. 
Another class of aluminum behavior is that observed when coarse alumi-
num powder is used, so that AP and Al particles are of comparable size. 
In this case, the aluminum particles are mostly surrounded by the more 
numerous AP particles. Then the Al particles each have their own Al 
particles and AP-binder diffusion flame canopy. Thus they tend to leave 
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Fig. 31 Ignition in an accumulate layer without prior 
identifiability of an associated accumulate. 
Fig. 31 -- Needs a 3-frame sequence showing 
1. Smooth surface 
2. Igniting agglom. in surface 
3. Burning agglom. just above the surface. 
These should be in very close time sequence to illustrate th point in 
question. "bursting from surface" 	AN3 3066 
Fig. 31. 	Legend: "Ignition in an accumulate layer *.._thout prior ideilti- 
fiability of an associated accumulate." 
Sequence of threeframes shown emergence of burning accumulate -
agglomerate in second frame, first frame 2 or 3 frames earlier with no definable 
accumulate. ANB 3066 propellant pictures should provide example from Code 388 
library. 
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the surface before they encounter other aluminum particles, and only mini-
mal accumulate formation occurs unless the aluminum content is unusually 
high. 
In still another class of aluminum behavior on the burning surface, 
the aluminum layer melts down and burns extensively on the propellant  
surface (Fig. 32), without identifiability of specific accumulates in 
the process. Such behavior is observed with propellants using thermally 
stable binders; in spin stabilized motors where the "free" aluminum drop-
lets are centrifuged towards the burning surface; and with propellant 
compositions that provide poor oxidizing atmosphere for aluminum and high 
retention by surface melt (e.g., compositions with HMX instead of AP). 
5.4.5. Double Base Binder 
While peripheral to the scope of this report, some mention of 
accumulate behavior in propellants with double base binders is useful 
to clarify often conflicting views on aluminum behavior. Attention will 
be directed to simple aluminized double base propellants, and composite 
propellants with double base binders. Experience with the latter in-
volves primarily formulations (Fig. 6c) with granular HMX as an ingredient 
and with low AP concentration. In the case of double base propellants, 
the surface accumulation of aluminum presents less in the way of structural 
features, as one would expect of a homogeneous matrix. However, some 
reports (R- 57) cite accretion of aluminum on carbon shreds that are 
normally present in the surface, while other reports (R-58) describe 
accretion as a result of burning agglomerates rolling around the surface. 
Actually, very little combustion photography has been done with the external illum-
ination needed to see surface behavior of nonluminous material, so the primary 
Fig. 32 Aluminum persistence on the surface 
even after ignition - puddling. Accumu-




point to be made here is that one should not presume the behavior of 
aluminum in such propellants will be the same as in AP/HC/Al propellants. 
With composite double base propellants of the type described 
above, accumulation behavior covers the range of behavior described 
above for AP/HC/A1 composite propellants. There is a tendency towards a 
surface-wise connected accumulation of aluminum, with individual accumulates 
breaking loose from the layer. This layer is smooth when the AP 
particle size is small, gets very irregular when AP is coarse, AP 
concentration is low, solids loading is low, aluminum loading is high, 
or pressure is low. Loosely connected accumulates are more conspicuous 
than with AP/HC/A1 propellants, often constituting a forest of tenuously 
attached filigrees (Fig. 30, 33) with minimal interconnectedness. High solids 
or high AP content tend to reduce accumulation. 
5.5 Mobility of Surface Aluminum  
In the two preceding sections, the mechanistic basis of accumulate 
formation and the variety of resulting forms were discussed. In general, 
these processes did not call upon mobility of aluminum particles. 
Indeed, the dominant role played by adhesive and cohesive processes is 
inconsistent with the idea of motion of individual particles. If the 
individual particles were free to move about, they would move away from 
the surface as individual particles under the influence of the out-flowing 
pyrolysis products. In any case, the aluminum does eventually leave 
the surface, and that terminal demonstration of mobility is often pre-
ceded by some kind of limited surface-wise mobility. This mobility is 
of interest for several reasons: 
a) Added coalescence of accumulates sometimes occurs due to 
mobility, affecting accumulate and agglomerate size. 
Fig. 33 Oblique view of the burning surface 
of a CMDB propellant (low AP content), 
showing "filigree" accumulates loosely 
attached to the surface. 
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b) Mobility often plays a role in ignition of the accumulate. 
c) Mobility is suggestive of vulnerability of the accumulate to 
surface detachment under the influence of the adjoining gas 
flow field. 
In practice, the details of mobility are closely related to the type of 
accumulate layer, and will be described in that context, again referring 
first to propellants with AP - HC binder - Al as the primary ingredients. 
Propellants with smooth layers of accumulated aluminum (Sec. 5.4.1) 
exhibit cracking of the layer, leading to formation of flakes that break 
away from the surface. When the burning surface is well illuminated, the 
flaking is visible in considerable detail at low pressure ( < 300 psia). 
At these pressures there is considerable mobility of the edges of the 
flake as it is drawn together, but the overall flake remains in place 
until departure from the surface (Fig. 34a). After the flake leaves the 
surface, a characteristic time (typically 5 - 100 milliseconds) is re-
quired before the layer is ready to shed again. At higher pressure, the 
size of the flake and time for formation are smaller and details are less 
visible (Fig. 34b). 
Mobility of accumulates has often been reported on the basis of 
motion pictures without external illumination. The flake formation 
process is a good example of where movies can be misleading. Thus the 
coalescence of flakes usually involves a highly visible process of pro-
pagative inflamation of the edges of the flakes, which looks like mobility 
of individual igniting aluminum unless the entire flake is illuminated. 
This is illustrated in Fig. 35. In reality the mobility in this situation 













    
Part a: Low Pressure 




Part b: High Pressure 
Fig. 34 Development of a flake-accumulate. 
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Fig. 35 Appearance of flake-accumulate behavior when seen by 
self-luminosity: low pressure. 
In the case of irregular accumulate layers (Sec. 5.4.2), the 
irregularities usually reflect nonuniformity in original aluminum dis-
tribution in the propellant, associated with the spatial distribution 
of the larger oxidizer particles. The layer appears to consist of 
interconnected "pocket" accumulates (Fig. 12). At high pressures these 
accumulates leave the surface individually. At lower pressures, the 
accumulates sometimes remain attached to each other, with each detaching 
in turn from its original surface site and exhibiting appreciable mo-
bility as it awaits detachment of the one or more neighbors to which 
it is connected. As in Fig. 34a and 35, this mobility may be mistaken 
for unrestrained mobility if pictures are taken without external illu-
mination. As will be noted later, this illusion is strengthened by the 
tendency of the first section of accumulate to inflame, making it highly 
visible compared to the surface-attached accumulates to which it is 
connected (Fig. 36). When these accumulates are reluctant to inflame, 
they yield the massive filigree accumulates illustrated in Fig. 30. Hence 
the filigrees resulting from interaction of accumulates are more common 
with low pressure, fuel-rich propellant, and coarse AP, where the diffusion 
flame is more remote, and accumulate ignition is delayed. It is perhaps 
worthy of repeated note that the population of tenuously held accumulates 
would be diminished in the presence of the flow environment of a rocket 
motor, making the subsequent aluminum combustion and Al203 products sensi-
tive to the flow situation at each location in the motor. Indeed, one might 
anticipate that the accumulate population would oscillate if the gas flow 
were oscillatory. 
The more typical case of accumulate formation (Sec. 5.4.3) involves 
relatively little accumulate mobility before leaving the propellant sur- 
ml 
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Fig. 36 Detachment of interconnected accumulates. 
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face, at least on a distance and time scale resolved in combustion photo-
graphy. Such accumulates usually form in situ, and leave the surface when 
they first show mobility (Fig. 34b). Under favorable combustion conditions, 
ignition on the surface will give rise to some brief mobility of accumu-
lates, including mergers with other accumulates (see Sec. 6). During such 
mobility, the accumulates are ordinarily still attached to the surface, and 
motion seems to involve response to gas motions or surface tension. 
Because of the limited use of aluminized double base propellants in 
rocket motors, the studies of aluminum behavior in such propellants has 
been quite limited. Indeed, almost no combustion photography studies have 
been made using the external illumination needed to show accumulate behavior. 
Given the homogeneous nature of the propellant, it seems safe to assume 
that the aluminum accumulates uniformly on the surface; given the stand-off 
high temperature flame of double base propellants it seems safe that the 
accumulation will be pressure-dependent. These considerations appear to 
be a factor in the more well-studied combustion of composite double base 
propellants described next, and a factor in the aluminum ignition-agglom-
eration behavior of double base propellants described in Sec. 6. As to 
mobility, it is often reported
(R-58) 
that burning agglomerates roll around 
and grow an the surface, a behavior quite rare with AP/HC/A1 propellants. 
The mobility of accumulates during combustion of composite double base 
propellants (Sec. 5.4.5) exhibits a range of behavior similar to AP/HC/A1 
propellants. 
The mobility of accumulates during combustion of composite double  
base propellants (Sec. 5.4.5) exhibits a range of behavior similar to 
AP/HC/A1 propellants, and exhibits trends as functions of AP particle 
size, AP mass fraction, Al concentration and pressure similar to AP/HC/A1 
propellants. Experience centers around formulations with relatively low 
AP concentration, with substantial HMX (fine), and high binder fraction 
(Fig. 6c). Such formulations tend to give accumulates that persist on 
the surface with minimum surface contact giving the appearance of a forest 
of tenuously attached filigrees (Fig. 33). The issue of flow effects in 
motor situations merits note here again because of the persistence of 
tenuously held accumulates seen in the combustion photography (under motor 
flow conditions such accumulates might be swept away). In one experi-
ment (R-59) , the combustion zone was subjected to a suddenly imposed trans-
verse gas flow, which caused the majority of the accumulates to be blown 
from the surface (Fig. 37), followed by formation of ripples on the surface. 
Summarizing mobility effects, they differ conspicuously according 
to the kind of accumulates, and hence according to propellant and environ-
mental variables. Mobility is generally associated with accumulated alum-
inum, not original particles, partly because original particles are too 
small to resolve in the photography. Mobility is important mainly as an 
indicator of more basic processes such as surface tension, melting forma-
tion of individual accumulates from an extensive accumulate layer. Mobility 
is also suggestive of the vulnerability of the accumulating-"shedding" 
processes to gas flow conditions in the adjoining channel, including 
oscillatory gas flow. 
5.6 Summary of Accumulate Formation  
While the nature of the accumulation-adhesion-cohesion-separation 
process can be varied in nature, and is no doubt only partially understood, 
the general nature of the process is established unambiguously. The starting 
point is the location of the aluminum in the propellant microstructure, 
immersed in a convoluted, interconnected matrix of binder and protected 






Fig. 37 Effect of a transverse gas flow on aluminum accumulates; 
A burning sample (a) is subjected abruptly to a small gas 
jet (b - d). In (b), the accumulates are dislodged, in 
(c) the accumulates are blown away, and in (d) the surface 
develops ripples. 
of the aluminum and the protective oxide layer on the particle, assures 
that the aluminum will be resistant to reaction or vaporization under 
thermal conditions where the other propellant ingredients are rapidly 
decomposing. Further, the wetness of the binder surface during combustion 
(and to some extent, wetness of the AP surface) causes the non-reacting 
aluminum to linger on the surface before floating off into the high 
temperature gas field. 
Because the propellant microstructure usually involves many small 
aluminum particles in the volume element of binder between larger AP 
particles, aluminum particles that linger on the wet binder surface are 
joined by underlying particles, leading to accumulation in a surface 
layer pattern initially consistent with the structure of the binder matrix. 
These particles usually become stuck together by wet binder, intermediate 
decomposition products of the binder, and by a sintering (cohesion) process 
involving aluminum leakage from the oxide coating, and bridging between 
particles (with oxidation in place). At some point in the development 
of an accumulate, it becomes exposed to chemical species from the oxidi-
zer, which may contribute to the adhesion-cohesion process. The relative 
contribution of each of these individual adhesion-cohesion processes is 
unknown, and presumably depends on many propellant variables, which in turn 
affect the nature of the accumulates. 
Towards the end of the residence of the accumulate on the surface, 
it may be only tenuously attached there, and may extend outwards into 
flame elements of higher temperature and higher oxidizer content. With 
the ever-present drag of gases flowing out from the propellant surface, 
* Aluminum particles will also stick together at temperatures below the 
aluminum melting point in certain laboratory heating experiments (R-60), 
but it is not known whether this happens in the presence of binder 
melts observed on the propellant surface. 
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such accumulates will ultimately leave the surface, the timing being 
dependent on loss of attachment at the surface extremity, influence of 
gas motion in the combustor cavity, and sometimes by inflamation of the 
accumulate. Indeed, the ignition-agglomeration of the accumulate may 
become complete before separation from the propellant surface, and under 
certain conditions the aluminum combustion may proceed for a considerable 
time on the surface. 
In general, the accumulate formation and behavior can be correlated 
with the propellant characteristics and combustion environment, with 
qualitative insight into the reasons for the behavior (5.3 - 5.5); 
considerably more basic information would be needed for realistic 
quantitative modeling or prediction of the behavior of novel propellants. 
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IGNITION OF ALUMINUM: AGGLOMERAIES 
6.1 Ignition - Its Meaning  
The most conspicuous visual event in the behavior of aluminum in 
propellant combustion is the onset of luminous aluminum combustion. An 
irregular, greyish accumulate is transformed into a brilliant droplet with 
a glowing "comet-like" tail. Sometimes this occurs abruptly, either on 
the burning surface, at the moment of departure, or after the accumulate 
is free of the surface. Under other conditions (e.g., low pressure) the 
transformation to a burning agglomerate is resolved in the high-speed photo-
graphy as a protracted and complex process, sometimes associated with the 
formation of flake accumulates or the break-down of complex filigree 
accumulates into agglomerate droplets. This variety of behavior can be 
correlated with the type of propellant, environment, and type of accumulate, 
at least for familiar propellants. Further, the behavior can be put on a 
fairly sound mechanistic basis if one considers what is known from controlled 
laboratory tests about the ignition behavior of aluminum as discussed below. 
Aluminum will react vigorously with air - even at room temperature, 
provided the contact between metal and air is not impeded by the oxide 
coating that forms on the particles (very fine aluminum powder prepared 
in an inert atmosphere is pyrophoric, i.e., burns spontaneously, when 
dispersed in room temperature air). It is clear that the oxide skin inhibits 
ignition when present, but it ceases to impede combustion at the high 
temperature where it melts, and then the metal burns vigorously. It is 
no doubt important that the metal and its oxide (Al 203 ) are insoluble in 
each other and that (in most atmospheres) the molten oxide tends to retract 
FO 
gi 
from the surface of the molten metal (Fig. 2 ). 	This assures rapid 
exposure, heating, evaporation, and reaction of aluminum. There is not 
much controversy over the position that, at this point, ignition is 
accomplished if the atmosphere is oxidizing in nature. However, in the 
propellant combustion zone, the processes are usually many and complex 
between the time the aluminum particle is reached by the receding pro-
pellant burning surface and the time a burning droplet with retracted 
molten oxide is developed. Some of the processes involve aluminum oxidation 
after formation of accumulates, including particularly that time when break-
down of the oxide permits aluminum to flow as a result of surface tension 
forces. As will be seen below, a state of ignition may appear to exist at 
one location in an accumulate, and prove to be the source of a propagative 
• 
"inflamation" of the rest of the accumulate or surrounding accumulates. 
This process involves progressive breakdown of oxide and flow of aluminum 
in the accumulate, due in part to heat produced by oxidation of the already 
inflamed part of the accumulate (Fig.34,36). It is not clear how one 
should define the moment of ignition during this complex inflamation 
process, or that such a definition is even important. However the overall 
process is important because it affects the subsequent burning history of 
the aluminum, the responsiveness of the whole aluminum behavior to flow 
disturbances, and the nature of the Al 203 product droplets. The inflamation 
process leads to a burning agglomerate droplet, and the process is affected 
by 
the type of accumulate; 
nature of the surrounding combustion zone environment 
(temperature, motion, composition); 
physical properties of the aluminum and the oxide 
(MP, BP, solubilities, surface tension, strength of the oxide); 
chemistry of Al and Al203 reactions in the combustion zone environment 
Until knowledge of these details is further advanced, understanding of the 
accumulation - ignition - combustion process will remain speculative, and 
depend heavily on observation of ignition in simpler situations, and on 
direct descriptions of the global aspects of the processes observable by 
combustion photography and quenched particle studies. 
6.2 Ignition of Single Particles  
Understanding of the ignition of aluminum accumulates is aided by 
the various studies of ignition and combustion of single particles in con-
trolled environments. These studies (reviewed in (R-61)) include ignition 
by introduction of the particles into gas flames of controlled composition, 
introduction into pre-heated gas streams, exposure to intense radiant 
heating, and introduction as isolated particles in model solid propellants. 
Most of the observations made in such experiments were concerned with com-
bustion rather than ignition, primarily because motion of the particles 
made observation of details of ignition difficult. Ignition delay times 
could be measured (R- 62), along with time resolved observation (R-63) of 
development of self luminosity (Fig. 38, 39 ). The ignition delay time was 
judged to be due primarily to time required for external heating to 
temperatures near to the melting temperature of the oxide (break-down of 
the oxide skin). The ensuing brief interval for development of steady 
luminosity is presumeably associated with further temperature rise, which 





Fig. 38 Ignition - combustion of an aluminum parti-
cle in a gas burner flame, observed by still 
camera method. 
Fig. 39 Ignition of a single aluminum particle in C0/0 2 
 flame products, as shown by high speed motion 
pictures (gas flow downwards). Last 4 frames 
show ejection of an oxide droplet. Pressure 
one atm. 

droplet, oxidative heating on the droplet surface, and evaporation of 
aluminum. The few single particle experiments which have permitted success-
ful observation of ignition by high speed photography were accomplished in 
situations where the particle was nearly stationary (R-63); such pictures 
(Fig. 39) show the particle beginning to glow, followed by sudden brigthen-
ing and enlargement of the image, indicative of development of a radiant 
flame envelope. Under some conditions one or more glowing droplets are 
ejected during this brief interval, droplets that are judged to be oxide 
rather than aluminum because of the quick decay in brightness and/or 
absence of smoke trail. 
In general, the studies of ignition of particles in laboratory tests 
have not provided sufficiently high resolution to reveal the details of 
breakdown of the oxide skin, or of self-heating of the droplet prior to 
melting of the oxide skin (exception R-64). Some insight has been given 
from experiments in ignition of electrically heated wires (R-65), but the 
most significant observations of ignition are probably those made in con-
ventional combustion photography of aluminized propellants, (Sec. 6.3), 
and those made in experiments on aluminum powder heated externally to 
temperatures below that required for self-sustained reaction (Sec. 5.3). 
6.3 Ignition and Agglomerates  
In an aluminum accumulate, the first indications of ignition are 
usually the appearance of self-luminosity in some portion of an accumulate, 
followed by a luminous smoke trail indicative of evaporation and gas phase 
The reaction to Al203 in the detached flame is actually believed to be by 
by heterogeneous reaction on smoke droplets, which are the primary source of 
the self luminosity. 
Fs- 
reaction of aluminum. This condition is accompanied by coalescence of 
the accumulate into a droplet, often in a propagative manner starting with 
the most luminous part of the accumulate. The onset of inflamation probably 
involves a combination of circumstances such as protrusion of the inflaming 
part of the accumulate into a high temperature and/or oxidizer-rich part 
of the combustion zone, presumeably after a period of growth of the 
accumulate,characteristic of the particular propellant. 
Self-heating by oxidation can presumeably start at rather modest tem-
peratures, since it apparently occurs to some degree in the process of sinter-
ing at around 670 ° C. However, there is very little unambiguous data on the 
behavior of accumulates subjected to continuing temperature increase. One may 
speculate that the oxide skin continues to crack or leak due to differential 
thermal expansion, with continued leakage and oxidation of aluminum. 
Atlernately (or concurrently), other reactions with aluminum or Al203 may 
occur involving H20, HC1, C103 , etc. The reactions may reduce the pro-
tectiveness of the oxide coating, or simply supply more heat (or both). 
Relative to the breakdown of accumulates, it should be recognized 
that a sintered accumulate should have a unique attribute of flame pro-
pagation, due to the structure, comprised of particles (droplets) inter-
connected by a complex oxide network. When one particle (droplet) starts 
to oxidize, it does not lose heat rapidly to neighboring aluminum because 
of the low thermal conductivity of the oxide interface between particles 
of the accumulate. Thus the particle may reach the melting point of the 
oxide coating and become fully ignited, while the rest of the accumulate 
is still producing relatively little self-heating by its own oxidation. 
The intense heat from the burning "particle" melts the oxide on adjoining 
particles (FIg.34,40)leading to ignition of those particles, and propagative 
inflamation of the entire accumulate. This process is, of course, abetted 
by a "near to ignited" condition of the whole accumulate, a condition that 
would prevail if the accumulate had survived on the burning surface for a 
period of time approaching that typical for surface residence of aluminum 
for that propellant and environment. In practice, one does indeed see 
sintered accumulates, propagative inflamation of accumulates, and a measure 
of periodicity of shedding of aluminum at any local site on the burning 
surface, consistent with the above arguments. However it would be rash to 
claim that the argument is complete or always applicable, and indeed in other 
situations, accumulates leave the surface prior to ignition, or ignite so 
abruptly that details of the process cannot be resolved. However, it seems 
likely that the physical nature of the accumulate plays an important role 
in ignition, often leading to propagative inflamation, which in extreme 
cases (e.g., periodic combustion of dry-pressed AP-Al pellets) involves 
progressive surface-wise inflamation of an entire burning surface (window 
bomb sample, i.e., 1/4" square (R-66)). 
During the inflamation of an accumulate, the molten aluminum escapes 
the confines of the oxide coating, and adjoining parts of the accumulate 
become drawn together by surface tension. The result is a growing droplet 
of reacting aluminum, referred to in this report as an agglomerate. The 
ultimate size of the agglomerate is determined by the size of the parent 
accumulate, plus any neighboring aluminum picked up during the mobile 
period of the accumulate evolution and inflamation. Thus the agglomerate 
size is linked back to propellant ingredients and combustion environment 
through the accumulate development described in Sections 5.2 - 5.5. These 
gic 
Fig. 40 Sketch of inflamation of a sintered accumulate. 
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agglomerates represent the majority of the ingredient aluminum, still 
unreacted, and usually fated to burn in the gas flow field in the rocket 
motor, much like the fuel droplets in a liquid propellant rocket motor. 
Alternately, agglomerates sometimes remain and burn on the propellant 
surface, although this is not typical except when inertial forces (e.g., 
in spin-stabilized rockets) resist departure from the surface (R-67). 
The detailed nature of an agglomerate is unknown. It is usually 
assumed that it consists of an aluminum droplet with one or more lobes of 
retracted A1203 as in the case of combustion of single aluminum particles 
(R-68) in air atmospheres . Burning agglomerates appear to be of this 
form in combustion photography of propellants as well (Fig. 2). However, 
the transition from accumulate to burning agglomerate is necessarily 
complex, given the complexity of the accumulate itself, and its pre-
ignition and ignition environment. Agglomerates that have been quenched 
immediately after (or during) ignition are found to be brittle, with hetero-
geneous interiors (R-69), suggestive of internal impurities such as carbon. 
In addition, it seems unlikely that the extensive structure of Al203 in 
the original accumulate is fully retracted by the time the agglomerate is 
formed, so early-quenched agglomerates would be expected to include 
internal Al203 structures until the oxide has had time to withdraw from 
the interior of the droplet by some as yet undetermined mechanism (Fig. 41). In a 
sense, this is all part of ignition, but there seems to be no virtue at 
present in quibbling about the definition, so long as the recognized 
qualitative aspects of the process are described. 
Even in this "simple" situation, the oxide lobes appear to contain nitrogen. 
Fig. 41 An accumulate quenched in the process of 
transformation to an agglomerate. SEM of 
typical particle obtained by burning a 
propellant under liquid nitrogen. 
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6.4 Relation of Ignition - Agglomeration to Type of Accumulate, Environ-
ment, Propellant  
As suggested earlier, the ignition-agglomeration process of various 
types of accumulates can be related by experience and mechanistic reasoning 
to the types of accumulates described in Sec .5.4.1 to 5.45. Thus the smooth  
accumulate layers typical of propellants with fine AP, burning at low 
pressure (Sec. 5.4.1) form flake accumulates that tend to curl up out of 
the surface (Sec. 5.5), and ignite along the edges of the flake (Fig. 34). 
The ignition is propagative, typically along the edges of the flake. The 
molten aluminum draws together, along the raised edge of the flake, 
apparently reacting and self-heating the rest of the accumulate in a pro-
pagative fashion until the entire flake is ingulfed and forms an agglomerate 
that floats away from the surface (i.e., in the combustion window bomb). 
At higher pressures, or with burning rate catalysts, the details of accumu-
late formation and ignition are contracted, both in space and time. Then 
ignition appears to occur abruptly, at the moment of separation from the 
surface layer, and encompassing a smaller accumulate. Details are difficult 
to resolved under these conditions (Fig. 31). 
The irregular accumulate layers typical of coarse AP (Sec 5.4.2) tend 
to break away from the surface with considerable remaining rigidity, but 
inflame propagatively from one or more initiation point in the accumulate 
(Fig. 36). The inflamation may occur on the burning surface or in the 
process of moving away. When it occurs on the surface, the inflamation 
gives the impression of high mobility of the ignited part of the accumulate, 
especially when viewed by self luminosity. However, such motion usually 
consists of either agglomeration during propagative inflamation (i.e., 
coalescence of the accumulate), or motion of the entire accumulate as it 
loses constraints to the surface. Under adverse ignition conditions (e.g., 
low pressure), the ignition may be delayed until after the accumulate has 
left the surface. Under those conditions the details of ignition are not 
so well resolved in motion pictures because of rapid motion, but the 
ignition event is more abrupt. 
The more typical accumulate behavior described in Section 5.4.3 
arises from accumulates of modest size or favorable ignition conditions 
(e.g., high pressure, high AP content). Ignition (i.e., total inflamation 
of the accumulate) occurs rather abruptly (a few milliseconds). Usually 
this is concurrent with separation from the burning surface, with the 
combined event occurring too rapidly to provide basis for speculation about 
cause and effect (similar to Fig. 31). It may be significant that the burn-
ing agglomerate sometimes (i.e., with some propellants) does not leave the 
surface immediately after ignition (Fig. 42) suggesting that the abrupt 
ignition is not necessarily due to emergence of the accumulate into the 
main diffusion flame. On the other hand, abrupt ignition of accumulates, 
usually accompanied by departure from the surface, is typical of catalyzed 
propellants (Fe2O3 or copper chromite), and these catalysts are believed to 
bring the diffusion flame closer to the surface, a relation suggesting that 
the abrupt accumulate ignition is due to high heating rate from the diffusion 
flame. 
Perhaps even more so in a motor, as dilution of the combustion zone by 
the flushing flow of nitrogen probably retards ignition in window bomb 
tests at locations more removed from the burning surface. 
Fig. 42 Ignited agglomerates, lingering on the 
surface. 
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Ignition of aluminum accumulates in composite propellants with double  
base binders is as varied as the accumulate behavior itself (Sec. 5.4.5. 
The igniting flake behavior described above has been observed 
with formulations having fine AP and smooth accumulate surfaces. Coarse 
AP caused irregular accumulates, with ignition starting at one location 
and inflaming the entire accumulate. As noted before, the accumulates 
occurring with this type (Fig. 33) of propellant tend to persist on the 
burning surface with rather tenuous attachment. With this type of pro-
pellant, ignition typically starts in that portion of the accumulate most 
remote from the propellant surface (presumeably in a location most 
exposed to the gas phase exothermic reactions) (Fig. 43). The ignition 
then propagates through the accumulate towards the burning surface until 
the entire accumulate (and sometimes its neighbors) have ignited and ag-
glomerated. Under adverse ignition conditions, the accumulate may more 
typically leave the burning surface unignited, and ignite as it moves out 
in the high temperature flame zone. With AP content or high solids content, 
ignition is more vigorous and occurs on the burning surface, with less accu-
mulate growth before ignition. 
6.5 Summary  
From the foregoing it is clear that the concept of ignition is not a 
very precise one when referred to ignition of aluminum. However, a signifi-
cant body of information exists on the transient processes leading to com-
plete inflamation. In the case of single particles, breakdown and melting 
of the oxide coating is a necessary step in reaching full combustion rate. 
In laboratory tests on clusters of particles, partial breakdown of the oxide 
coating (e.g., by differential thermal expansion) can lead to flow and ag-
glomeration due to surface tension of the molten aluminum, especially in an 
atmosphere with low concentration of oxidizing species. The same effect is 
9r. 
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Fig. 43 Ignition of a filigree accumulate from 
the high temperature flame in aluminum 
the top down, illustrating the role of 
ignition: CMDB propellant, 300 psia. 
minimized in an oxidizing atmosphere because of the formation of new oxide 
on the surface of exposed aluminum. However the new oxide can cause sinter-
ing of clusters. 
In the propellant combustion zone (particularly AP/HC/AA propellants) 
the aluminum clusters exist initially in a fuel atmosphere with temperatures 
below the aluminum melting point. The structure of the combustion zone is 
such that attainment of higher temperatures occurs concurrently with ex-
posure to oxidizing species; agglomeration is apparently delayed 
due to continued formation of protective oxide until temperatures well 
above the melting point of the aluminium prevail. During the inter-
vening time, sintering apparently occurs, with ignition being delayed 
until more decisive break-down of the oxide coating occurs. A variety of 
processes may be involved in this break-down, but they are usually 
followed by a precipitous process, i.e., local melting of the oxide, 
exposure of aluminum, and rapid local heat release. 
Because the heat release following break-down of the oxide coating 
is sufficient to melt the oxide on neighboring parts of an accumulate the 
local ignition is propagative, and the aluminum proceeds to agglomerate as 
rapidly as ignition propagates into the accumulate. This continues until 
the accumulate is fully engulfed. If one had to define a moment of ignition, 
it probably should be when the oxide is melted sufficiently in some locality 
of the accumulate to start propagative inflammation and agglomeration. 
This situation is clearly visible in motion pictures of combustion with 
some propellant-pressure combinations (Fig. 1,34a, 43 ), and is signaled in 
other situations as well by the appearance of the oxide smoke trail 
produced by detached flames adjacent to aluminum surfaces (Fig. 1, 2, 
32, 34, 42; also Sec. 7). 
Depending on the propellant and combustor environment, the ignition-
agglomeration process may start while the accumulate is still on the 
burning surface, while it is leaving, or after complete separation 
(Fig. 15, Sec. 5.1). Although mechanistic understanding has not reached 
the level of quantitative expression or prediction of behavior of novel 
propellants, the combination of understanding and accumulated observations 
provides .a basis for rational correlation of propellant variables, 
accumulate formation, and the ignition behavior: in other words, the 
path (or paths) in Fig. 15 most typical of a given propellant-combustor 
environment combination can be forecast with reasonable certainty for 
familiar propellants and moderate variants thereof. Perhaps the most 
risky aspect of this generalization is the case of effects of ballistic 
modifiers, which have not been studied systematically and which act by 
undetermined mechanisms. Different trends may occur when AP content is 
low, and possibly also with formulations involving two widely different 
AP particle sizes (where aluminum produces large effects on burning rate: 
Ref. 70). 
ALUMINUM COMBUSTION AND PRODUCTS 
7.1 General Situation 
To this point the discussion has involved mostly aspects of aluminum 
behavior that would be of little or no interest if they did not affect sub-
sequent processes. The object of inclusion of aluminum in the propellant 
in the first place is to burn it, transfer the heat of reaction to low- 
molecular weight species in the propellant products, and convert that energy 
to kinetic energy in the rocket nozzle. The preoccupation with details stems 
from the fact that aluminum, unlike other propellant ingredients, does not 
decompose or vaporize and react immediately adjacent to the burning surface, 
and does not ordinarily form a gaseous reaction product. These peculiarities, 
common to many metal fuels, are further complicated by the formation and 
nature of aluminum oxide on the metal particles before ignition, which drastically 
modifies the kind of aluminum particle that ultimately ignites and burns in 
the rocket motor volume. 
In the preceding Sections, the complex behavior of aluminum has been traced up to 
the formation of accumulates of hundreds and thousands of original aluminum particles, 
and to the onset of burning of accumulates. With most propellants, the 
aluminum leaves the propellant surface once burning is established, and it 
then burns as it travels through the volume of the combustion cavity. There, 
one becomes concerned with completion of combustion before discharge through 
the nozzle, with dynamic response of the combustion to flow disturbances, 
and with the size of the 
Al203 
droplet products (which affects damping of 
gas flow disturbances (R-71) and propulsion efficiency of the two phase 
flow in the nozzle (R-72 )). The general problem of distribution of burning 
droplets and products in the combustor cavity has received only superficial 
study, but it is clearly a matter of concern. Unlike the parallel problem 
in liquid propellant motors, concern is primarily for the early part of the 
motor burning period when combustor cavity volume is low. In practice, the 
problems are also more persistent when aluminum combustion conditions are 
unfavorable, such as at low operating pressure, high aluminum concentration, 
or with extremely oxidizer-deficient propellants. 
In order to understand the state of knowledge of agglomerate combustion 
and the reasons for the particular research that has been done, it may be help-
ful to re-emphasize some aspects of the situation. One would like to be 
able to forecast how an agglomerate would burn. But the true nature of an 
agglomerate is not really known. The combustion will be discussed here first 
in terms of experiments on aluminum droplets of less complex origin, but 
direct evidence shows that agglomerates are structurally and chemically com-
plex, at least during the initial phase of their burning (R- 73) and this 
subject will also be discussed. 
A second factor in understanding (or non-understanding) of agglomer-
ate combustion is the observational difficulty resulting from high velocity 





smoke produced in the combustion. Every effort to circumvent this 
problem leads to questions as to the relevance of experimental results. 
This will become evident in the following, but it is probably desirable to 
stress here the conditions in the rocket motor that may need to be simulated 
in laboratory experiments to assure complete relevance. Such experiments 
should ideally include: 
a. An initial particle like an agglomerate 
b. A convective flow typical of the agglomerate trajectory in 
a motor 
c. A chemical environment containing the appropriate amounts 
of active species, in which H2 O is probably the principal 
oxidizing specie, with depletion of oxidizer, as occurs 
along the agglomerate trajectory in the motor 
d. A radiation environment simulating that along an agglomerate 
trajectory 
e. An environmental temperature roughly like that in a motor. 
Because of the observational difficulties in a motor, and the 
difficulty of simulation, most experimental results are from experiments 
in which simulation is clearly lacking or observations are potentially 
misleading. In spite of this, a very respectable body of knowledge has 
been accumulated, from which reasonable speculations can be posed and 
from which reasonable experiments and analytical models can be designed. 
These results will be discussed briefly in the following, but with due 
regard for questions of simulation and limitations of observation. 
7.2 Aluminum Particle, Controlled Atmosphere (APCA) Tests 
The majority of relevant information on aluminum combustion has 
been obtained from experiments that ignite single aluminum particles 
or wires in controlled atmospheres. Such experiments permit study of 
particle size and atmosphere effects, and provide for photographic and 
quenched sample studies. The most extensive tests are those (R-74) in-
volving radiation pulse ignition, with burning droplets then falling 
/o•o 
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in a quiescent room temperature atmosphere. The most relevant tests 
are probably those in which observations of combustion are made with 
a propellant having a few aluminum particles of desired size (R -75). 
Useful tests have also been run in apparatus to provide a gas flame 
environment (R- 76). 
Collectively, the APCA tests show a variety of combustion behavior, 
of uncertain relevance to rocket motor combustion. It seems clear that 
the aluminum particles burn with a veil of oxide product droplets, 
which coincides with the primary combustion zone (Fig. 2, 44). Single 
particle tests lend themselves readily to measurement of burning times, by 
measurement of streak photographs (Fig. 45 ) or luminosity-time records 
(Fig. 46). 
Under various conditions, many other phenomena are also exhibited, 
such as ejection of oxide droplets or bubbles (R-77), encapsulation of 
the aluminum by oxide (R- 78) and fragmentation. The dependence of 
behavior on atmosphere is suggested by the examples in Fig. 47 (R- 79), 
which show luminosity vs. time for single droplets burning in various 
atmospheres (ambient temperature and pressure). Observations of quenched 
samples collected during various single particle tests, indicate that 
the detached combustion zone with fine 
Al203 
smoke is common to all 
combustion environments, but that the nature and effect of oxidation and 
accumulations of oxidation products on the droplet surface is very depen- 
dent on the atmosphere, and that oxide, oxynitride, or Al-O-C complexes (R-80) on the 
surface is responsible for the irregularities in the luminosity in Fig. 47. 
It is not yet clear what behavior is typical of propellant combustion, but 
(a) 
(b) 
Fig. 44 Evidence of the veil of oxide smoke in the detached 
flame: .,?art a, a high speed. motion picture of an aluminum 
droplet burning in 	argon-oxygen atmosphere; Part b,. 
photamicrograp], of the droplet-smoke sample resulting 
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it is clear that the detached flame-smoke veil is typical and that some 
surface oxide accumulation also occurs (Fig. 2; R-81). The irregular behavior 
seen in so many single particle-tests has not been reported for most 
propellants, but available observations are not sufficient to prove that 
such behavior does not occur; it is clear that surface oxidation often 
(or possibly always) occurs. This will be commented on often in the 
following. 
Particle combustion experiments in gas flames provide closer simula-
tion of the atmospheric enviornment in propellant combustion than is 
possible in the cold gas experiments, while retaining much of the con-
venience of those experiments. Observations have been made by streak 
photographs (Fig. 38) (R- 82), motion pictures (Fig. 39) (R- 83), and 
quenched samples (Fig. 48, 49) (R- 84). The presence of the detached 
flame and veil of oxide smoke is re-emphasized by this work, along with 
formation of oxide on the droplet and a variety of corresponding combus-
tion irregularities (R- 85). Fragmentation was a common occurrence, but 
appeared to be absent in flames with low free oxygen similar to propellant 
flames (R- 86). Droplet burning times have been measured under various 
flame conditions (Sec. 7.4). 
The nearest reported approach to motor conditions that preserved 
acceptable viewing conditions was accomplished by burning propellant 
samples that have isolated,aluminum Particles of preselected size (R- 87). 
Observations were made primarily by photographic methods. Unfortunately 
this type of aluminum particle combustion experiment has not been used 
extensively, although it permits relatively good simulation of motor 
Fig. 48 The veil of oxide smoke from the detached flame, 
as shown by sample from a quench plate test in a 
C0/0„) flame (photomicrograph of droplet and smoke 




Fig. 49 Nonsteady processes occurring during burning in gas burner 
atmospheres: Part a, Spiraling motion due to droplet asym-
metry (presumably due to oxide lobe: 'tubular appearance of 
the projection of the spiral illustrates the detached and 
concentrated nature of the flame); Part b, Ejection of oxide 
droplets early in burning (hydrogen-oxygen flame, 70 pm alum-
inum particles). 
pressure and chemical environment. 	Although tests have not been suffi- 
ciently comprehensive to be fully convincing, they indicate that combustion 
is similar to the other single particle experiments, except that irregu-
larities such as fragmentation are not conspicuous (1-88). It is speculated 
that high temperature and pressure are conducive to more regular burning. 
The typical detached reaction zone with fine smoke (Al 203 ) is evident, as 
are the coarser oxide particles in collected products). 
In summary, the single particle tests indicate persistent presence 
of the detached reaction zone-flame envelope with fine oxide smoke forma-
tion; usual presence of surface oxidation-oxide accumulation on the alumi-
num droplet surface; and a variety of puffing, spinning and fragmentation 
phenomenon which appear to be less conspicuous under more rocket-motor-like 
conditions. These tests provide droplet burning time data that will be 
discussed later; accumulated evidence suggests that droplet burning times 
are of the same order as stay times in the combustor under some conditions 
of interest, implying volume-distributed combustion and risk of incomplete 
combustion. Descriptions of the two-phase flow in the motor must give consid-





product population and its dependence on the overall behavior of 
aluminum in the combustion zone. 
7.3 The Initial Phase of Agglomerate Combustion 
Returning to the combustion of conventional aluminized propellants, 
* Assuming mixing with an environmental gas is delayed until aluminum 
droplets are burned, a condition not usually achieved. 
it was noted in Section 6 that ignition and agglomeration are concurrent 
parts of a complex conversion from accumulate to burning droplet. Igni-
tion may be convincingly accomplished before agglomeration of the accumu-
late is complete, Indeed there is some uncertainty as to the true nature 
of a burning agglomerate, especially early in its burning history (and 
thus some uncertainty as to where agglomeration is "complete". Not only 
are the relevant experimental observations of geometrical, physical and 
chemical state of agglomerates sparse and indecisive, but the conditions 
leading to the agglomerate give the opportunity for a very complex entity. 
In the initial phase of agglomerate burning, it is reasonable to assume 





and that the 
Al203 
may not have fully redistributed itself from its origi-
nal intricate filligree of sintered shells. The available information on 
the formation and initial phase of burning of the agglomerate comes from 
two sources, combustion photography and studies of quenched agglomerates. 
Results are not entirely consistent. 
Combustion photography shows the agglomerates starting from the 
accumulate stage on the burning surface and shows their behavior until 
they become obscured by the Al 2 03 smoke cloud or their own flame sheath. 
This observation usually occurs within 2500 micrometers of the propellant 
burning surface. At modest pressure (e,g. 10-30 atm), agglomerates in the 
100 to 500 micrometer diameter range appear to be converted into molten 
droplets with oxide lobes, much like those seen in laboratory experiments 
on single aluminum particles. Because of the limitations in resolution 
in the photography (roughly 20 micrometers), and the rapid motion, photo-
graphy has not revealed much about small agglomerates (although one might 
//O 
suppose that they would go through the transition from accumulate to 
aluminum droplet more rapidly than large agglomerates). 
The molten droplet-oxide lobe appearance is particularly manifested 
by the following observation in combustion photography. The agglomerates 
exhibit highlights from reflection of the external light source, suggestive 
of a molten surface. The "oxide lobe" is very bright, suggestive of the 
high emissivity of 
A1203. 
Collisions of agglomerates result in abrupt 
(surface tension driven) coalescence and immediate transition to spherical 
configuration, suggestive of liquid droplets. Such impulsive coalescence 
has been seen to result in momentary oscillation of the product droplet, 
suggestive of droplets with low internal friction, surely free of any 
extensive structure of residual solid accumulate oxide. A supporting ob-
servation concerns those fairly rare instances where aluminum puddles occur 
on the burning surface after ignition (e.g., with polimide binder R- 89): 
in such instances the agglomerate is sufficiently liquid to flow out and 
conform to the geometrical irregularities of the burning surface, still 
showing discernible boundaries between molten aluminum and overlying lobes 
or patches of oxide. Collectively, these observations suggest that the 
aluminum from the accumulate quickly becomes a single, liquid droplet, 
with external lobes of oxide. It does not determine whether the liquid 
aluminum has soluble impurities, or how much oxide is present in the lobe, 
or how rapidly the oxide is increasing, or whether the lobe is all oxide. 
Isolated observations of agglomerates quenched early in burning yield 
particles of complex internal geometry (Fig. 41, R- 90), particles that 
are brittle (R-91), quite unlike aluminum particles. Because of 
the difficulties in quenching and sampling close to the burning surface, 
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it is uncertain whether the observed samples are typical, and whether 
their appearance after quenching is identical with the conditions before 
quenching. However uncertain the quenching results nay be, they clearly 
pose the question of whether, or when the agglomerates become fully 
liquid and whether or when impurities are retracted or boiled out of the 
aluminum interior. 
Given the qualitative nature of observations and the complexity of 
the transition from an accumulate to a fully burning droplet, and given 
the complex and uncertain combustion environment, it is not surprising 
that there are remaining uncertainties about the nature of agglomerates. 
However, the available evidence, in the form of real-time observations 
during actual combustion of propellants, indicatesthat the agglomerate 
eventually exhibits the combustion characteristics of aluminum droplets 
in oxygen-containing atmospheres. A molten aluminum droplet with an 
oxide lobe is visible whenever the flame sheath is not too bright to see 
through. Whether impurities in the Al and 
Al203 
are large, or important 
to subsequent combustion is not known. 
In summary, there is physical reason and observational evidence 
that the agglomerate involved in the early burning history of aluminum 
in motor situations is an object of considerable complexity, although 
it often exhibits superficial appearance of an aluminum droplet with 
retracted oxide lobe. It is not clear whether, or when the agglomerate 
actually approximates the physical structure of a burning aluminum drop-
let, although its combustion characteristics are similar. 
//g 
7.4 Steady State Droplet Burning 
During the time that the agglomerate is forming up and becoming fully 
inflamed, it also usually proceeds far enough from the propellant surface 
so that other combustion reactions (binder and oxidizer) are largely com-
pleted (e.g., 2500 pm from the surface). The gaseous environment is at a 
temperature of about 2300 °C, and is composed primarily of H20, CO2 , CO, 
N2, and HC1. The aluminum flame envelope is at a higher temperature due to 
exothermicity of the oxidation; burning of the droplet is governed by the 
flame envelope and may be erratic if the droplet is not above 2040 °C, as 
the surface oxide is solid below this temperature. At the higher temp-
eratures, the aluminum droplet then burns in the free volume of the 
combustor, forming primarily Al 2
0
3 
(A) with corresponding decreases in 
the H2O and CO
2' 
and increases in H2 and CO. 
The qualitative aspects of droplet burning are illustrated in Fig. 50. 
Aluminum evaporates and reacts to sub-oxides above the droplet surface, 
and eventually to 
Al203 
droplets in a complex nucleation-heterogeneous 
reaction in which disposal of excess heat by radiation from oxide droplets 
is an important rate consideration (R-92 ) (the 
Al203 
molecule dissociates 
when temperatures are high enough to give a vapor state, but will form at 
a net positive rate by heterogeneous reaction on an 
Al203 
droplet provided 
the droplet temperature is below about 3800PC). The droplets in the 
flame sheath grow to 1 - 2 pm diameter due to the heterogeneous reaction, 
while new ones are nucleated to give a size population extending down to 
the limits of resolution. The appearance of a thin flame sheet implies 
that the oxide cloud is stagnant, i.e., there is no net production of gas 




Fig. 50 Qualitative aspects of aluminum droplet burning: Part a, Sketch 
identifying regions of droplet and flame (left), and diffusion 
reactive species (right); Part b, Pictures of agglomerate burning 
immediately after leaving propellant surface, showing regions noted 
in Part a; Part c, Picture of agglomerate burning, using back lighting 
to show persistence of the smoke trails after leaving the droplet 
reaction region (lower luminosity reflects cooling from aluminum 
flame temperature to propellant flame temperature). 
product). While this is implied by observations in both APCA tests and 
propellant combustion photography, it seems unlikely that it would be 
consistently true in all relevant gaseous environments at all pressures. 
In any case, the cloud is dispersed by convection associated with relative 
motion of the droplet in the environment in most situations (illustrated in 
Fig. 2, 50). In the rocket motor an aluminum droplet will usually experience 
convective flow, turbulence, and progressive depletion of oxidizing species 
during its burning history. These complexities are not contained in analytical 
models of combustion -- nor do existing experiments go far towards revealing 
their effects. 
Looking further at the droplet combustion, it is observed in almost all 
experimental situations that there is appreciable oxide on the droplet burning 
surface. This may result from a variety of processes in propellant burning: 
1. The agglomerate is made up of many ingredient particles, each of 
which had surface oxide. 
2. Oxidation occurs to some degree during the sintering and ignition 
that produce the agglomerate. 
3. In convective situations, oxide smoke may penetrate to the agglom-
erate surface. 
4. Lower oxides of aluminum may diffuse to the agglomerate surface and 
"condense" to Al203 on the surface (R-93). It has been suggested 
that oxide accumulation is due to smoke diffusion given in quiescent 
atmosphere. However, the net gas flow is outward from the surface, and 
it is not clear that droplets would diffuse at an appreciable rate counter 
to the gas flow. 
The relative role of these processes is no doubt dependent on the particular 
situation, but has not been fully investigated. In APCA tests, oxide lobes 
develop during burning in free fall (R-94), suggesting that molecular diffu-
sion and surface reaction are plausible. 
Whatever the source of surface oxide, it becomes a dominant part of the 
burning agglomerate as burning progresses. Under most conditions the result 
is a "bilobate" droplet in which the dominance of the oxide modifies the 
burning characteristics (and violates assumptions of analytical models). 
A matter of practical concern is the burning rate (or time) of ag-
glomerates, this being of interest particularly in order to determine 
conditions that might give incomplete combustion in a motor. This in-
formation promises to be important also in determining the spatial dis-
tribution of burning droplets and product droplets, information needed 
to calculate the combustor stability to oscillatory disturbances. The general 
theory for diffusion-controlled combustion of hydrocarbon fuel droplets 
gives a burning time dependence on initial droplet diameter and pressure 
of the form 
T cc kDn 
I/6 
with the value of n being 2, and k being a function of pressure and fuel-
oxidizer properties and concentrations. A similar correlation has been 
argued for aluminum droplet burning (R-95), and is predicted by the 
theory of Ref. 96, but it appears that a value cf n of 1.5 to 1.75 may be 
more appropriate (R-97), with the corresponding value of k being (for n = 1.5) 




(z in milliseconds and D in micrometers). In this expression ak is the 
mole fraction of oxidizing species in the atmosphere and the number 6.7 
(R-98) is a function of pressure, oxidizer properties and a weak function 
of atmospheric temperature. It should be stressed that the extent of 
initial surface oxide on an agglomerate, the portion of subsequent oxide 
accumulation and/or formation on the surface, the duration of the "steady 
state" phase of burning, and the nature of the behavior terminating (and 
following) the steady state phase are all known on speculative grounds only 
(because of uncertain relevance of APCA tests, and observational difficulties 
with motor-like conditions). Fig. 51 shows sample burning time data from 
various experiments. 
As a matter of completeness, some comment should be made on the 
progress of analytical modeling of aluminum droplet combustion as it re-
lates to propellant combustion. Of the various models (R-99), that 
developed in Ref. 100 and extended in Ref. 101 seems most relevant to the 
present subject. For reasons of mathematical tractability, the models 
do not deal with the asymmetrical accumulation of oxide on the droplet 
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Part a, Measurements for 	pm drop- 
lets burning at one atm. in a 
atmosphere. 
Part b, Measurements for 
pm droplets 
burning at 	atm. in gas 
burner flame products. 
Part c, Measurements from propel- 
lant combustion at 
atm. 
Fig. 51 Burning time of aluminum droplets. 
surface, or with detailed chemical kinetics, droplet nucleation, etc. 
However, Ref.100 does describe a model with detached flame and condensed 
reaction product, while Ref.101 includes also heat release at the droplet 
surface due to formation of Al 203 . Other effects of the surface oxide 
are neglected. 
Much of the insight into aluminum droplet combustion has come from 
efforts to reconcile various analytical models with experimental observa-
tions. 	As an example, one model (R-102) pictured the Al203 
formation as 
occurring primarily on the droplet surface, forming a shell through which 
aluminum and oxidizing species diffused end reacted; however, such a model 
is incompatible with the observed droplet burning rate, the observed ten-
dency to form an oxide lobe, and the observed smoke veil about the droplet. 
The model may have some relevance to the behavior in dilute atmospheres 
or towards the end of droplet burning when surface oxide dominates. The 
detached flame model in Ref. 100 was motivated by the experimental obser-
vation of a very hot, luminous detached flame envelope, and the addition 
of a surface heat release (R-101) was an effort to accomodate to the ob- 
servation that surface oxide accumulated during burning. To date the analyses 
are of value primarily because they confront the mechanistic issues of the 
combustion precisely and suggest ways to test hypotheses and classify do-
mains of behavior. A combination of experimental and analytical results 
also permits a basis for calculation of distribution of combustion in a 
motor, combustion efficiency, and an estimate of the response of the combus-
tion cloud to flow disturbances. All such estimates are, of course, 
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limited by the uncertainty of the portion of burning in which the steady 
state model pertains, i.e., before the surface oxide dominates or droplet 
disruptions occur. 
7.5 Terminal Phase of Droplet Burning and Products 
The observation of spectacular fragmentations of aluminum droplets 
burning in air (Fig. 51-52) has led to considerable speculation about the 
mechanisms involved and their relation to motor behavior. The APCA tests 
(Section 7.2) have revealed that the terminal phase of burning can be both 
complex and varied. Interestingly enough, there is no evidence that frag-
mentation occurs in rocket motors, so the speculations could be purely 
academic excursions on the way to direct dismissal of the subject. In con-
sidering this possibility, one should keep in mind the following: 
a. In the smoky environments fully representative of the rocket 
motor situation, observations do not show that fragmentations do 
not occur. Window bomb photography generally reveals no fragment- 
ation, but does not simulate rocket motor conditions in the terminal 
phase of burning (indeed, most of the photography is designed to 
show the initial phase). 
b. Accumulation of surface oxide on the burning droplets very likely 
does lead to some kind of transition in behavior towards the end 
of burning. 
c. The aluminum oxide product droplet size is a matter of considerable 
practical concern, and the larger droplets are presumably formed 
from the surface oxide on the droplet. The droplet size dis-
tributions measured from samples of product oxide has not yet 
been rationalized on the basis of observed initial agglomerate 
Part a, Successive frames of motion picture, showing frag- 
mentation in a C0/0
2 
gas burner experiment. 
Part b, Track Photographs of droplet burning in 
ambient air, with sputtering and fragmen-
tation. 
Fig. 52 Fragmentation in the latter part of burning. 
sizes and burning without fragmentation, although the subject 
is under investigation (R-103). 
By the time an agglomerate has burned 70 or 80% of its aluminum, it 
has clearly formed a great deal of fine oxide smoke. This conclusion 
is supported by all experiments. It is less clear how much surface oxide 
exists, or what portion of it was present at the time of agglomeration (R-104). 
The amounts are definitely affected by events prior to full inflammation, 
and by the nature of the gaseous atmosphere (e.g., in APCA tests). The 
evidence in rocket motor-like environments suggests that 5 - 30% of the 
aluminum ends up in oxide droplets far too large to be the product of the 
detached flame (sizes above 4 µm are probably not formed in the flame), 
and some of this oxide is clearly visible in combustion photography of 
agglomerates early in burning (Fig. 2, 32) and on samples quenched later in 
burning (R-105). 
As the amount of aluminum in the burning agglomerate decreases, the 
accumulation of oxide becomes an increasingly important factor in the 
droplet burning, and APCA tests show that oxide may envelop the droplet, 
or be partially ejected, or participate in violent fragmentation of the 
droplet. Such events affect both the subsequent combustion rate and 
the size distribution of oxide droplets formed from the surface oxide. 
It is not known to what extent the surface oxide becomes subdivided in rocket 
motor combustion, because of observational difficulties. However, the 
issue is not trivial because the oxide droplet size distribution is impor-
tant to combustor stability, nozzle erosion, nozzle efficiency, and exhaust 
plume effects. The view of the general propulsion community ie that the 
oxide is mostly less than 2 micrometer, a view stimulated by the high visibility 
of the larger weight fraction (smoke oxide) that is in that size range. 
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This view is reinforced by extensive measurements in the exhaust plume, 
measurements that are probably biased by poor sampling-measurement methods, 
and which reflect also changes in size distribution in the nozzle flow. 
A few quick calculations establish reasonable perspective on the question 
of size distribution and the measurement problem. 
Consider the following relationships among ingredient particle size, 
agglomerate size, and oxide droplet size: 
Relation between 
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In these relations, K is the percent of oxide in the form in question, and 
102/54 is the molecular weight of 
Al203 
relative to the constituent aluminum. 
Using these relations, consider the following example: DAl 
= 15 pm, D
aggl 
 100 pm, Doxs = 1 p, and K = 20% for residual oxide, 80% for smoke. From the
above equations taken in sequence: 
a) There are 296 ingredient particles per agglomerate 
b) The residual oxide droplet is 64 pm in diameter (if all the surface 
oxide goes to one residual) 
c) The smoke droplets would number about 10
6
. 
d) The number of particles per gram of propellant is enormous. For a 
propellant with 15% aluminum, 
Ingredient particles, nAl — 3 x 10
7 
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From this sample calculation it is easy to see why the residual oxide 
droplets could be missed in experiments and size distribution measurements, 
although their presence is unambiguous when care is taken in sample col-
lection and separation by size (R-106; Fig. 53). It is worth restating 
that the 207. of residual oxide is often important in propellant and motor 
designs, especially relative to combustor stability in the less-than-1000-hz 
range, and relative to two-phase flow effects in the nozzle. It's even 
important to calculations of size distribution changes in the combustor 
and nozzle flow, where the initial combustion-generated bimodal nature of 
the droplet distribution has generally been ignored in published work (R-107 ). 
So where do we stand on the question of oxide droplet size distribution? 
As far as the size distribution produced by the propellant combustion, there 
is no doubt that there are two size ranges involved (smoke, <2 pm, and 
"residuals", 2 - 100 pm : Fig. 3). These are produced by different paths in 
combustion of the agglomerates. The smoke droplets constitute 
707. or more of the mass of oxide (R-108). The size of the residuals is dependent 
on the size of the aluminum droplets and factors governing that size, such 
as propellant variables, pressure and flow environment. Determinations of 
oxide droplet size distribution are very difficult, at 3 different levels: 
a) conducting an experiment that simulates a rocket motor environment; 
b) collecting and sampling the product oxide in a way that doesn't bias 
the size distribution; and c) measuring a size distribution from <0.1 pm 
to 1000 pm without biasing the results. On the fundamental side, it remains 
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Fig. 53 Photomicrograph of a size fraction of 
residual oxide droplets, separated from 
a sample of oxide products of a propellant 
burning in a closed system. 
uncertain how much residual oxide is present in the products, how much 
of it is formed prior to separation of the aluminum from the propellant 
burning surface, whether or not the accumulating oxide in the agglomerate 
is usually subdivided by fragmentation or other process, or how great the 
effects of combustor flow (acting through size-limiting of agglomerates) 
are on oxide size. That some of these issues are non-trivial is indicated 
by Reference 109 
	and Fig. 54. The figure shows the effect of flow 
environment on size distribution of collected oxide in tests in a closed 
system where most of the oxide > 4 microns is collected. Later tests 
using a more limited range of flow conditions but more refined sample 
collection-measurement technique (R-110) indicate the same flow effects, 
which are also inevitably present in rocket motors. 
7.6 Summary of "Combustion and Products" 
This aspect of the aluminum behavior is perhaps both the most studied 
and least understood of those discussed. The APCA tests demonstrate many 
combustion phenomena, but don't tell which are relevant to propellant com-
bustion. The analytical models explain certain aspects of observed behavior, 
but fail to accomodate the formation and/or presence of retracted surface 
oxide, which is observed in both APCA and propellant tests. Neither APCA 
tests or analytical models approximate the high pressure, high temperature, 
complex chemistry or convective nature of the motor environment or the 
physical and chemical complexity of the aluminum agglomerate. Efforts to 
obtain information directly from propellant combustion are hampered by the 
usual difficulties of high pressure, high temperature, high speed, microscopic 
processes, complicated further by the ever-present obscuration of observation 




Fig. 54 Effect of combustor flow on residual oxide size distribution. 
In a 2-in. diameter burner, tests were run on end-burner propel-
lant samples and on tubular samples of 3 different lengths. The 
graphs show the change in oxide mass fraction in 3 particle size 
intervals, vs sample length (with end burners at zero length). 
Increasing flow (sample length) reduces the coarse mass fraction, 
increases the fine. 
difficult, hampered by the difficulty of unbiased and quantitative col-
lection and measurement in a medium with such a wide particle size range 
and vast numbers of particles. 
There is no doubt that agglomerates burn with an oxide lobe and a 
detached flame with smoke veil (although it is not known what portion of 
the surface oxide is formed before and during ignition, what portion 
during burning). There is no doubt that the majority of the oxide is 
formed in the flame (smoke), although the surface (residual) oxide is 
important. It is not known whether the latter part of the agglomerate 
burning history has any of the singular events like fragmentation seen in 
some APCA tests. However, it is clear that the oxide products have a bi-
modal size distribution corresponding to smoke and surface oxide. There 
is some uncertainty as to how closely agglomerate behavior corresponds 
to pure aluminum droplet behavior. Agglomerate burning times are known 
approximately, and it is clear that an appreciable portion of the combustor 
volume is occupied by burning droplets; in some cases combustion is incom-
plete at the nozzle entrance. 
DISCUSSION 
8.1 Rationale of This Report 
This report has sought to bring together the many observations and 
mechanistic arguments that constitute our present understanding of how the 
aluminum powder ingredient in solid propellants behaves during combustion. 
The seemingly ponderous detail involved reflects a complexity of the overall 
process, in which the outcome of the overall process is strongly dependent 
on the detailed steps. This dependence arises from the many factors that 
affect agglomerate formation, and the large effect that agglomerate size 
has on combustion and nozzle efficiency, combustion stability, nozzle erosion, 
and exhaust plume effects. The approach in this report has been to describe 
the process up to completion of combustion and characterization of oxide 
products, with only passing reference to the application to specific motor 
environments. There are limits to what can be done in one report. The 
overall combustion process is outlined in Fig. 15, and involves concentration 
of aluminum on the burning surface, followed by coalescence, ignition and 
departure from the surface as relatively large burning "agglomerate" droplets. 
These droplets burn as they move out in the product flow, forming a bimodal 
population of oxide droplets. This two phase medium plays an important 
role in combustion stability, nozzle efficiency, erosion, etc. 
8.2 Outstanding Fundamental Questions 
There are a number of very detailed questions about aluminum behavior 
that are important to motor performance but remain unanswered to date, and 
the best service to the reader may be a summary of such unanswered questions. 
Most are important to mechanistic arguments, which in turn contribute to 
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rational and innovative attack on practical problems. Typical areas of 
controversy or ignorance are: 
1. There is still not much known about the oxide skin on ingredient 
aluminum particles, and no quality control specifications are 
used. However the oxide skin is an important factor in agglomeration. 
2. A scheme, called the "pocket model" was contrived many years ago 
to describe how the size of agglomerates is determined. While 
this model depends heavily on the microstructure of propellants 
with narrow oxidizer particle size distribution, it is both used 
and criticized in other situations. This behavior reflects a 
need and failure to find a more complete scheme for describing 
agglomeration. 
3. The binder plays an important role in retention and concentration 
of aluminum on the burning surface, but the substantial differences 
due to contrasting behavior of different binders are only superficially 
known. 
4. The reluctance of aluminum to ignite in the presence of pyrolizing 
binder or oxidizer accounts for the opportunity for concentration 
in the burning surface. The encroachment of diffusion flamelets 
seems to be critical to ignition of the accumulating aluminum. 
However we know very little about the diffusion flame behavior, 
even in the absence of aluminum. Further, the aluminum ignition 
process itself has not been studied under motor-like conditions. 
5. Combustion of agglomerates may start on the propellant surface 
or after departure. In some cases of ignition on the surface, 
burning persists on the surface. These "habits" are discussed 
in the text and are partly understood in terms of type of binder, 
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proximity of diffusion flame, etc. However it is difficult to 
understand how fully burning agglomerates of only moderate size 
can linger stationary on the burning surface, as sometimes occurs 
even under favorable burning conditions. 
6. The transition from sintered accumulates of aluminum particles 
to a single spherical agglomerate is an exceedingly complex event. 
It is not clear when the agglomerate becomes a simple burning 
droplet with oxide lobes, but there remains considerable controversy 
as to the condition of those objects seen in combustion photography 
as fully formed droplets. Quench tests near the burning surface 
give complex objects. This raises some doubt as to the validity 
of droplet size measurements made from movies. Chemical impurity 
also raises questions about subsequent combustion details. 
7. Aluminum oxidation no doubt occurs while the aluminum sinters 
on the burning surface. This accounts for some of the surface 
oxide that leads to the larger "residual" oxide droplets in the 
reaction products. However the extent of this oxidation and other 
contributions to the residual oxide droplets remains undetermined. 
8. There is some controversy as to whether surface oxidation occurs 
on the burning agglomerate (oxide definitely accumulates on the sur- 
face in 02/N2 
atmospheres, but there is disagreement about how it gets 
there: See Section 7). 
9. Valid determination of burning time in motor-like environments 
has not been made, particularly because the oxide smoke obstructs 
the view. While estimates can be made, the quantitative data 
needed to evaluate analytical models is lacking. 
10. Analytical modeling ignores the effect of oxide lobes on the droplets, 
/ 3a 
which probably affect droplet burning appreciably even before 
they induce the various anomalies near burnout. The burning time 
laws such as 
T =kp
n 
cannot be expected to describe correctly the burning of two 100 
pm droplets, one of which just ignited and another of which has 
burned down from 200 pm (at 100 pm they have very different 
oxide lobes). 
11. Because of the obscuration by smoke, the details of the terminal 
phase of burning are unknown. Specifically, it is not known whether 
fragmentation or subdivision of the surface oxide occurs, or under 
what conditions. 
12. It is expected that the responsiveness of surface accumulation-
agglomeration-shedding of aluminum to imposed flow environments 
is important to the overall combustion behavior and two-phase 
media flow effects. To date the study of these effects is limited. 
13. The description in this report pertains particularly to propellants 
having ammonium perchlorate oxidizer, propellants for which large 
amounts of unclassified information is available. Futher systematic 
studies with propellants containing nitramines, energetic plasticizers, 
and burning rate modifiers are needed before many generalizations 
regarding them can be made. In general, burning rate catalysts 
appear to bring the diffusion flamelets in closer, promoting ignition 
and reducing agglomeration size. Other changes tend to aid aluminum 
ignition if they raise the flame temperature, hinder ignition 
if they lower the oxidizing potential of the combustion zone. 
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8.3 The Practical Problems and Research 
A candid observer may reasonably ask, who cares about all these details 
regarding combustion of aluminum? Aren't the rocket motors actually performing 
all right? Can any great economy or performance benefit be gained by knowing 
more? If more must be learned, what is most important? These questions 
were anticipated in the Introduction (Section 1), and are partially answered 
there. The benefits and penalties of aluminum fuel listed there have all 
been realized in one application or another. But now, with a more complete 
understanding of how aluminum behaves, perhaps a more penetrating look at 
applications of knowledge is possible. 
Do we have to exert great care in order to realize the improvement 
in propellant performance promised by the "equilibrium" thermochemical performance 
calculations? In large motors with high operating pressure, the answer 
is "no". Combustion efficiency is high because stay-time of droplets in 
large motors is long, the droplet burning rates are high at the high pressures 
used, and the agglomerate droplets are small due to the high pressure and 
catalyzed propellants used. Further, the nozzle losses due to 2-phase flow 
are low because the droplet lag is small in large nozzles. 
On the other extreme, conditions in upper stage and space motors (where 
combustion efficiency is critical) tend to be the opposite; large agglomerates, 
low droplet burning rates, and short stay times, all conducive 
to low combustion efficiency. In addition, the large oxide droplets, low 
gas density, limited nozzle size and use of complex geometry (e.g., submerged 
nozzles) all contribute to low nozzle efficiency in such motors. These 
problems with aluminum as a fuel are more prevalent than is generally acknowledged, 
although most propulsion engineers will agree that the aluminum content 
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in the propellant is kept well below the theoretical optimum because of 
poor performance at high aluminum content. 
Perhaps of greatest practical importance to the propulsion engineer 
is not the loss in efficiency, but rather the realization that conditions 
conducive to low combustion efficiency are also conditions where variability 
of performance is probable, where combustion is marginally stable, where 
ignition is difficult, where exhaust plumes contain burning aluminum, and 
where marginality of most functioning imposes increased demands on quality 
control product-surveillance for constancy with aging. Certainly any detailed 
knowledge about aluminum behavior that permits beneficial modification in 
propellants or design, or better choice of ingredient control to reduce 
the marginality of combustion merits serious consideration. 
Combustion efficiency is acknowledged to be a problem only under extreme 
conditions such as low pressure, but combustor instability is a widely recognized 
problem, which can occur under routine conditions, governed by no simple 
rules. Combustion instability (oscillatory combustion) has been the motivation 
for much of the research on aluminum combustion. Present understanding 
offers some interesting possibilities for anticipating, avoiding, or remedying 
combustion instability. It is easy to argue that the foreseeable benefits 
of the research will never pay for the cost of research, and propulsion 
engineers usually find a way out of instability problems by some insight 
and trial and error. The reality is that the combined cost of combustion 
instability problems in development programs is of the order 10 to 100 times 
greater than expenditures for related combustion research, with these costs 
contributing little or nothing to subsequent programs where the problem 
recurs. By comparison, the mechanistic understanding, ballistic tests, 
analytical models and computer programs produced by research programs are 
having a growing impact on propellant and motor design, with a corresponding 
reduction of risk of combustion instability. 
Some of the emerging understanding of aluminum combustion is relevant 
to emerging problems such as exhaust plume visibility, contamination of 
launchers and spacecraft, and stratospheric pollution. The extent to which 
understanding of combustion can help resolve these and other problems remains 
to be seen. In the meantime it is important that the available knowledge 




Definition of Terms 
Accumulate - 	noun - accumulated material that has become stuck 
together into an identifiable increment of such 
material. 
Accumulation - 	concentration of some ingredient (usually of aluminum) 
or product on the burning surface due to lingering 
there while the surface recedes. 
Adhesion - 	sticking together of material elements to each other 
by virtue of an intermediate agent (e.g., aluminum 
particles stuck together by melted binder). 
Agglomerate - 	noun - an assemblage of aluminum particles that has 
coalesced; such coalescence usually follows break-
down of the protective oxide skin, and is accompanied 
by ignition unless some quenching process occurs. 
Coalescence - 
Cohesion - 
the merging together of two or more particles to 
such an extent that the identity of the original 
particles is lost. 
sticking together of two or more particles by their 
own interaction (e.g., oxide-coated aluminum particles 
stuck together by building of an oxide or metal bridge 
joining particles). 
Filigree - 	an accumulate of low "packing density", exhibiting a 
"lacy" structure. In combustion photography, filigrees 
often appear to be only tenuously attached to the 
burning surface. 
Ignition - 	onset of self-sustaining combustion. In the case 
of aluminum this is usually accompanied by appearance 
of an 
Al203 
smoke trail, and by coalescence of one or 
more accumulates into an agglomerate. 
Inflamation - 	propagation of an ignited condition from its point 
of origin, into a connected accumulate structure, 
usually leading to formation of one or more agglomerates 
Sintering - 	used in a special sense here to describe oxidative 
welding of oxide coated aluminum particles to each 
other, like the example of "cohesion" described above. 
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Abbreviations 
Al - 	 aluminum 
AP - 	 ammonium perchlorate 
DB - 	 double base, referring to propellants made from nitrocellulose 
and a second active (gelling) ingredient such as nitroglycerin 
or dinitrotoluene 
DSC - 	differential scanning calorimeter 
DTA - 	differential thermal analysis 
HC binder 	hydrocarbon (synthetic rubber) binder 
HPD - 	hot plate drop test 
HSM - 	hot stage microscope 
NC - 	 nitrocellulose 
NG - 	 nitroglycerin 
SEM - 	scanning electron microscope 
POLICY ON REFERENCES 
Text References and the Bibiliography  
The procedure in making text references to other literature consisted 
of insertion of "R" numbers, e.g.,R-57 in the text. Any one "R" number 
refers to one or more of the numbered entries in the Alphabetical Bibliography. 
The connection between the "R" number and the Bibliography numbers is given 
in the Reference-Bibliography Number Code. This procedure was used for 
convenience, particularly in view of the probability that additional entries 
will be made by NWC into the Bibliography. The procedure is also advanta-
geous when certain bibliographical entries are used frequently. It will be 
noted that "R" numbers are introduced serially in the text. However, in one 
or two cases, (like R-7 and R-11), an "R" number has more than one part 
(e.g., R-7a, R-7b, R-7c), and in two instances "R" numbers are skipped -- 
i.e.,not used (R-33 and R-96). In the Alphabetical Bibliography, one Reference 
number (208) was not used. These anomalies arose from oversight and should 
be corrected by re-numbering in the text and the Number Code prior to final 
typing (this correction was made several times previously, but recurred due 
to revisions in the text). Since NWC will no doubt want to make further 
changes before final typing, it was judged unimportant to correct the numbering 
anomalies so long as they did not represent ambiguities (re-numbering will be 
necessary for any NWC changes anyway). 
The Bibliography  
Because of the large number of references and repeated use of many 
of them, it was judged inappropriate to put references at the bottom of 
the pages (e.g. R-4 represents 36 references). Further, it was judged 
appropriate to include many relevant bibliographical entries that were not 
explicitly cited in the text (i.e., in the Reference-Bibliography Number 
Code). For these reasons it was judged preferable to use an alphabetized 
bibliography, which is included. However the original bibliography was 
of 
updated to accomodate revisions of the text and review Ainitially unavailable 
literature. This up-dating was done by simply adding an alphabetized 
Supplementary Bibliography. Correlation of these entries with the relevant 
R numbers was accomplished by addition of entries with the prefix S into 
the Number Code. After further NWC additions, made in a similar way, the 
whole Bibliography should be consolidated alphabetically, re-numbered, and 
the Number Code entries modified correspondingly. No attempt was made to 
complete this consolidation because the result would have to be redone 
after NWC changes. 
Choice of References  
In general, references (i.e. bibliographical entries) were chosen 
for relevance to the content of the text. Several points merit further 
attention. 
1. Some bibliographical entries may refer to early versions of 
research work later published in more final form. Time and 
resources did not permit complete remedy of this problem, and 
NWC reviewers may wish to make appropriate substitutions. 
2. The most recent publications were not consistently available. 
For example, some recent, relevant NWC reports were not 
received or went astray (e.g., NWC TP 	5569). Since the list 
will never be completely up to date for long, this may not 
merit further effort. 
3. In both text content and references, reliance on NWC work is 
very heavy, as the program of study there has been relatively 
thorough. Further, it was intended that the report serve as a 
summary of NWC work as well as a broader survey. It is parti-
cularly appropriate that NWC reviewers add relevant references, 
correct errors of authorship, etc. (some NWC reports did not 
list authors explicitly but writing was organized or dominated 
by some one member of the team, or by a project leader). 
4. Many of the references were originally published with "limited 
distribution statements". It was considered to be impractical 
to avoid such references. However classified references were 
largely avoided (some references were originally classified and 
later declassified). References that are still classified 
are so marked, and the text presents no specific information 
from such references that is not revealed by the unclassified 
titles. 
5. The source of bibliographical entries is often identified by 
the initials of the originating agency. In the interest of 
compactness, such abbreviations were retained. For complete-





1. Abrukov, S. A., G. N. Marchenko, N. N. Maksimov, and B. A. 
Babananov; 
"Role of Dispersion in Burning the Condensed Systems 
of Composite Type," Combustion, Explosion, and Shock 
Waves, Vol. 12, No. 1, 1976, p. 21. 
2. Ad Hoc Group on Solid-Propellant Instability of Combustion, 
Advisory Panel on Fuels and Lubricants; 
"Instability of combustion of Solid Propellants," 
Office of the Director of Defense Research and Engi-
neering, Final Report, June 1959. 
3. Aerospace Technology Division, Library of Congress; 
"Investigation of the Surface Structure of Burning 
Model Mixtures of Solid Fuel," ATD Report T-65-28, 
May 17, 1965. 
4. Aldushin, A. P., V. N. Bloshenko, and B. S. Seplyarskii; 
"Ignition of Metal Particles with a Logarithmic 
Oxidation Law," Combustion, Explosion, and Shock 
Waves, Vol. 9, No. 4, 1973, p. 423. 
5. Anderson, J. B., and R. E. Reichenbach; 
"An Investigation of the Effect of Acceleration on the 
Burning Rate of Composite Propellants," AIAA Journal, 
Vol. 6, No. 2, 1968, pp. 271-277. 
6. Baikov, A. P., V. A. Belago, A. M. Iskol'dskii, L. S. 
Gerasimov, and Yu. E. Nesterikhin; 
"Electrical Explosion of Foils," Combustion, Explo-
sion,and Shock Waves, Vol. 9, No. 2, 1973, p. 246. 
7. Bakhir, L. P., G. I. Levashenko, and V. V. Tamanovich; 
"Effect of the Disperse Composition of Drops of 
A110, in Flames on Their Coefficients of Absorption 
andScattering," Combustion, Explosion, and Shock 
Waves, Vol. 12, No. 3, 1976, p. 356. 
8. Bakhman, N. N.; 
"Diffusional Combustion Regime in the Presence of 
Condensed Reaction Products," Zhurnal Fizicheskoy 
Khimii, Vol. 39, No. 8, 1965, pp. 1860-1862. 
9. Bakhman, N. N., and A. F. Belyaev; 
"Combustion of Heterogeneous Condensed Systems," R.P.E. 
Translation No. 19, November 1967. 
10. Bakhman, N. N., A. F. Belyaev and Yu. A. Konkrashkov; 
"Effect of Metal Additives on the Burning Rate of 
Model Mixtures," Combustion, Explosion and Shock 
Waves, Vol. 6, No. 1, 1970, pp. 86-90. 
11. Bakhman, N. N., and I. N. Lobanov; 
"Effect of Heat-Conducting Elements on Burning Rate," 
Combustion, Explosion, and Shock Waves, Vol. 11, No. 
3, 1975, p. 424. 
12. Bakhman, N. N., and V. S . Nikiforov; 
"Condensed Mixtures with Strong Dependence of the 
Burning Velocity on the Dispersion of the Components," 
Zhurnal Fizicheskoy Khimii, Vol. 38, No. 1, 1964, 
pp. 41-46. 
13. Bakhman, N. N., and Yu A. Kondrashkov; 
"Combustion of Three-Component Condensed Systems," 
Zhurnal Fizicheskoy Khimii, Vol. 37, No. 1, 1963, 
pp. 216-219. 
14. Bakhman, N. N., S. A. Tsyganov and V. B. Zakharov; 
"Acceleration of Burning Rate by Means of Additives 
that Form a Molten Layer on the Surface of the Charge," 
Combustion, Explosion and Shock Waves, Vol. 6, No. 1, 
1970, pp. 91-96. 
15. Barrere, M.; 
"Recent Experimental Results on the Combustion of 
Aluminum and Other Metals," Paper presented at AGARD 
meeting on Reactions of Gases and Solids, Ohio, Octo-
ber 1969. 
16. Barrere, M., and L. Naudad; 
"The Ranges of Combustion of Composite Powders," 
Recherche Aerospatiale (Aerospace Research), No. 98, 
1964, pp. 15-29. 
17. Barrere, M., L. Naudaud and J. N. Lhuillier; 
"ONERA and SNPE Recent Work on Solid Propellant 
Combustion Instability," Journal of Spacecraft and 
Rockets, Vol. 11, No. 1, 1974, pp. 33-40. 
18. Bartlett, R., and L. Delaney; 
"Effects of Liquid Surface Tension on Maximum Particle 
Size in Two-Phase Nozzle Flow," Pyrodynamics, Vol. 4, 
1966, pp. 337-341. 
19. Bartlett, R. W., J. N. Ong, W. M. Fassell, Jr., and C. A. 
Papp; 
"Estimating Aluminum Particle Combustion Kinetics," 
Combustion and Flame, Vol. 6, 1962, pp. 9 - 20. 
20. Bartlett, R. W., J. N. Ong, W. M. Fassell and C. A. Papp; 
"Estimating Aluminum Particle Combustion Kinetics," 
Combustion and Flame, Vol. 7, 1963, pp. 227-234. 
21. Beckstead, M. W., T. L. Boggs, J. E. Crump, G. L. Dehority, 
J. T. Hightower, K. J. Kraeutle, H. Krier, H. B. Mathes, 
and E. W. Price; 
"Combustion of Solid Propellants and Low Frequency 
Combustion Instability, Progress Report, 1 April - 
30 September, 1967," Naval Weapons Center, China Lake, 
California, NWC TP 4478, April 1968. 
22. Beckstead, M. W., and J. D. Hightower; 
"Surface Temperature of Deflagrating Ammonium Per-
chlorate Crystals," AIAA Journal, Vol. 5, No. 10, 
1967, pp. 1785-1790. 
23. Belyaev, A. F., and N. N. Bakhman; 
"Theory of Burning of Powders and Solid Rocket Pro-
pellants (Review)," Combustion, Explosion and Shock 
Waves, Vol. 2, No. 4, 1966, pp. 1-10. 
24. Belyaev, A. F., B. S. Ermolaev, A. I. Korotkov and Yu. V. 
Frolov; 
"Combustion Characteristics of Powdered Aluminum," 
Combustion, Explosion and Shock Waves, Vol. 5, No. 2, 
1969, pp. 142-149. 
25. Belyaev, A. F., Yu. V. Frolov and A. I. Korotkov; 
"Combustion and Ignition of Particles of Finely Dis-
persed Aluminum,"Combustion, Explosion and Shock Waves, 
Vol. 4, No. 3, 1968, p. 182. 
(Original Russian publication May-June 1969.) 
26. Belyaev, A. F., A. I. Korotkov, B. S. Ermolaev, and Yo. 
V. Frolov; 
"Peculiarities of Powdery Aluminum Combustion," 
Physics of Combustion and Explosion, Vol. 5, No. 2, 
June 1969, pp. 207-216. 
27. Belyayev, A. F., and S. A. Tsyganov; 
"Combustion at Elevated Pressures of Condensed Phase 
Mixtures Containing Nonvolatile and Nondecomposing 
Combustibles," Akademiya Nauk SSSR. Doklady, Vol. 
146, No. 2, 1962, pp. 383-386. 
17/ 
28. Blackman, A. W., and D. K. Kuhl; 
"Use of Binary Light Metal Mixtures and Alloys as 
Additives for Solid Propellants," American Rocket 
Society Journal, Vol. 31, No. 9, 1961, pp. 1265-
1272. 
29. Blazowski, W. S., R. B. Cole and R. F. McAlevy, III; 
"Linear Pyrolysis of Various Polymers Under Combus-
tion Conditions," Fourteenth Symposium (International) 
on Combustion, 1972, The Combustion Institute, 1973, 
pp. 1177-1188. 
30. Bloshenko, V. N., and B. I. Khaikin; 
"Radiative Heat Loss in Ignition of Metal Particles," 
Combustion, Explosion, and Shock Waves, Vol. 11, No. 
5, 1975, p. 630. 
31. Bobolev, V. K., A. P. Glazkova, A. A. Zenin, and O. I. 
Leipunskii; 
"Temperature Profiles During Combustion of Ammonium 
Perchlorate," Doklady Physical Chemistry, Vol. 151, 
1963, pp. 644-647. 
32. Boggs, T. L.; 
"Deflagration Rate, Surface Structure, and Subsurface 
Profile of Self-Deflagrating Single Crystals of Am-
monium Perchlorate," AIAA Journal, Vol. 8, No. 5, 
1970, pp, 867-873. 
33. Boggs, T. L., R. L. Derr and M. W. Beckstead; 
"Surface Structure of Ammonium Perchlorate Composite 
Propellants," AIAA Journal, Vol. 8, No. 2, 1970, 
pp. 370-372. 
34. Boggs, T. L., and K. J. Kraeutle; 
"Decomposition and Deflagration of Ammonium Per-
chlorate, Naval Weapons Center, China Lake, Cali-
fornia, TP 4630, October 1968. 
35. Boggs, T. L., K. J. Krauetle, and D. E. Zurn; 
"The Combustion of As-Received and Preoxidized Alum-
inum in Sandwich and Propellant Configurations, Ninth 
JANNAF Combustion Meeting, 1972, CPIA Publication 231, 
1972, Vol. 1, p. 341-346. 
36. Boggs, T. L., K. J. Kraeutle, and D. E. Zurn; 
"Decomposition, Pyrolysis, and Deflagration of Pure 
and Isomorphously Doped Ammonium Perchlorate," AIAA 
Journal, Vol. 10, No. 1, 1972, pp. 15-16. 
37. Boggs, T. L., H. B. Mathes, E. W. Price, K. J. Kraeutle, 
G. L. Dehority, J. E. Crump and F. E. C. Culick; 
"Combustion of Solid Propellants and Low Frequency 
Combustion Instability, Progress Report, 1 October 
1967 - 1 November 1968," Naval Weapons Center, China 
Lake, California, NWC TP 4749, June 1969. 
38. Boggs, T. L., E. E. Petersen, and D. M. Watt, Jr.; 
"Comment on 'The Deflagration of Single Crystals of 
Ammonium Perchlorate'," Combustion and Flame, Vol. 19, 
No. 1, 1972, pp. 131-133. 
39. Boggs, T. L., J. L. Prentice, K. J. Kraeutle and J. E. 
Crump; 
"The Role of Scanning Electron Microscope in the 
Study of Solid Propellant Combustion," Naval Weapons 
Center, China Lake, California, NWC TP 4723, July 
1969. 
40. Boggs, T. L., and D. E. Zurn; 
"The Deflagration of Ammonium Perchlorate-Polymeric 
Binder Sandwich Models," Combustion Science and Tech-
nology, Vol. 4, 1972, pp. 279-292. 
41. Boggs, T. L., and D. E. Zurn; 
"The Effect of Plasticizer on the Agglomeration of 
Aluminum During the Combustion of High Energy Pro-
pellants," Thirteenth JANNAF Combustion Meeting, 1976, 
CPIA Publication 281, 1976, Vol. 2, pp. 479-486. 
7 
42. Boggs, T. L., D. E. Zurn, and H. F. Cordes; 
"The Combustion of Ammonium Perchlorate and Various 
Inorganic Additives," Fifteenth Aerospace Sciences 
Meeting, 1975, AIAA Paper No. 75-233. 
43. Boldyrev, V. V., V. V. Alexandrov, A. V. Boldryeva, V. I. 
Grisan, Yu. Ya. Karpenko, O. P. Korobeinitchev, V. N. Pan-
filov and E. F. Khairetdinov; 
"On the Mechanism of the Thermal Decomposition of 
Ammonium Perchlorate," Combustion and Flame, Vol. 15, 
1970, PP. 71-78. 
44. Boldryeva, A. V., R. P. Mitrofanova, and V. V. Boldyrev; 
"Effect of Catalysts on the Combustion Rate of Mixed 
Compositions with Heat-Conducting Elements," Combustion, 
Explosion, and Shock Waves, Vol. 12, No. 4, 1976, p. 
454. 
45. Boldyreva, R. P. Mitrofanova, V. V. Boldyrev, V. F. Bala-
kirev, G. I. Chufarov; and Yu. G. Pavlyukhin; 
"Effects of Spinels on the Pyrolysis and Combustion 
Rates for Ammonium Perchlorate Mixtures," Combustion, 
Explosion, and Shock Waves, Vol. 11, No. 5, 1975, 
p. 611. 
46. Boldyreva, A. V., R. P. Mitrofanova, V. V. Boldyrev, and 
R. K. Tukhtaev; 
"Effect of Additives on the Combustion Rate of Mixed 
Compositions with Heat-Conducting Elements," Combustion, 
Explosion, and Shock Waves, Vol. 12, No. 4, 1976, p. 
458. 
47. Boreisho, A. S., A. V. Ivanshchenko, and G. G. Shelukhin; 
"Problem of Determining the Sizes of Burning Metal 
Particles," Combustion, Explosion, and Shock Waves, 
Vol. 11, No. 4, 1975, p. 561. 
48. Borovkov, I. S.; 
"Vibrational Combustion Conditions," Combustion, Explo-
sion, and Shock Waves, Vol. 11, No. 6, 1975, p. 698. 
49. Bouck, L. S.; 
"A High-Heating Rate Thermal Analysis of Solid Pro-
pellant Reactions," Ph.D. Thesis, University of Utah, 
1971 
50. Bouck, L. S., A. D. Baer and N. W. Ryan; 
"Pyrolysis and Oxidation of Polymers at High Heating 
Rates," Fourteenth Symposium (International) on Com-
bustion, 1972, The Combustion Institute, 1973, pp. 
1165-1176. 
51. Bouriannes, R.; 
"Experimental Study of Aluminum Combustion in Oxygen-
Argon Mixtures, Nitrogen and Air," Revue Internationale 
des Hautes Temperatures, Vol. 10, No. 2, 1973, 
pp. 113-124. 
52. Breiter, A. L, L. Ya. Kashporov, V. M. Mal'tsev, P. F. 
Pokhil, E. I. Popov, V. I. Pepkin and A. G. Stasenko; 
"Combustion of Individual Aluminum-Magnesium Alloy 
Particles in the Flame of an Oxidizer-Fuel Mixture," 
Combustion, Explosion and Shock Waves, Vol. 7, No. 
2, 1971, p. 186. 
53. Broddner, S. 
"Effects of High Spin on the Internal Ballistics of 
a Solid Rocket Motor, Astronautica Acta, Vol. 15, 
1970, p. 191. 
54. Brown, B. 
"Oxide Particles in Solid Rocket Exhausts," Remarks 
by the Session Chairman, Two-Phase Flow Conference, 
March 15-16, 1967, AFRPL-TR-67-223. 
55. Brown, B.; 
"Rocket Motor Performance - Nozzle Configuration 
Effects in Two-Phase Flow," Pyrodynamics, Vol. 3, 
1965, pp. 221-233. 
56. Brown, Billings, and K. P. McArty; 
"Particle Size of Condensed Oxide from Combustion of 
Metallized Solid Propellants," Eighth Symposium (Inter-
national) on Combustion, 1960, The Combustion Institute, 
Williams and Wilkins Co., Baltimore, 1962, pp. 814-823. 
57. Brulard, Jean; 
"Contribution to the Study of the Combustion of Alum-
inum Particles, Recherche Aerospatiale (Aerospace 
Research), No. 118, 1967, pp. 25-52. 
58. Brzustowski, T. A.; 
"On the Burning of Metal Additives in Solid Propel-
lant Rocket Motors," Canadian Aeronautics and Space 
Journal, May 1963, pp. 141-149. 
59. Brzustowski, T. A.; 
"Vapor-Phase Diffusion Flames in the Combustion of 
Magnesium and Aluminum," Ph.D. Thesis, Princeton Uni-
versity, 1963. 
60. Brzustowski, T. A., and Irvin Glassman; 
"Vapor-Phase Diffusion Flames in the Combustion of 
Magnesium and Aluminum: I. Analytical Developments," 
AIAA Progress in Astronautics and Aeronautics, Vol. 
15, Heterogeneous Combustion, Academic Press, New 
York, 1964, pp. 75-115. 
61. Brzustowski, T. A., and Irvin Glassman; 
"Vapor-Phase Diffusion Flames in the Combustion of 
Magnesium and Aluminum: II. Experimental Observations 
in Oxygen Atmospheres," AIAA Progress in Astronautics 
and Aeronautics, Vol. 15, Heterogeneous Combustion, 
Academic Press, New York, 1964, pp. 117-158. 
62. Brzustowski, T. A., and Irvin Glassman; 
"Spectroscopic Investigation of Metal Combustion," 
AIAA Progress in Astronautics and Aeronautics, Vol. 
15, Heterogeneous Combustion, Academic Press, New 
York, 1964, pp. 41-73. 
/d 
63. 	Bulman, M. J., and D. W. Netzer; 
"Burning Rate Acceleration Sensitivity of Double 
Base Propellant," AIAA Journal, Vol. 8, No. 6, 1970, 
pp. 1155- 1156. 
64. Carver, Leon D.; 
"Particle Size Analysis," Industrial Research, August 
1971, pp. 40-43. 
65. Cassel, H. M., and I. Liebman; 
"The Cooperative Mechanism in the Ignition of Dust 
Dispersions," Combustion and Flame, Vol. 3, 1959, 
pp. 467-475. 
66. Chaiken, R. F., and W. H. Andersen; 
"The Role of Binder in Composite Propellant Combustion," 
ARS Progress in Astronautics and Rocketry, Vol. 1, 
Solid Propellant Rocket Research, Academic Press, 
New York, 1960, pp. 227-252. 
67. Cheung, Henry, and N. S. Cohen; 
"Performance of Solid Propellants Containing Metal 
Additives," AIAA Journal, Vol. 3, No. 2, 1965, pp. 
250-257. (See also: "On the Performance of Solid 
Propellants Containing Metal Additives, AIAA Preprint 
No. 64-116, 1964.) 
68. Christensen, H. C., R. H. Knipe and A. S. Gordon; 
"Survey of Aluminum Particle Combustion," Pyrodynamics, 
Vol. 3, 1965, pp. 91-119. (See also: Same title, 
Combustion Institute Preprint No. 64-19, October 1964.) 
// 
69. Churchill, H. L., R. W. Fleming and N. S. Cohen; 
"Aluminum Behavior in Solid Propellant Combustion," 
Air Force Rocket Propulsion Laboratory, Edwards, 
California, AFRPL-TR-74-13, May 1974. 
70. Coates, R. L.; 
"Linear Pyrolysis Rate Measurements of Propellant 
Constituents," AIAA Journal, Vol. 3, No. 7 , 1965, 
pp. 1257-1261. 
71. Coffin, K. F., and R. S. Brokaw; 
"A General System for Calculating Burning Rates of 
Particles and Drops and Comparison of Calculated 
Rates for Carbon, Boron, Magnesium, and Isooctane," 
NACA TN 3929, 1957. 
72. Cohen, N.; 
"Performance of Solid Propellants Containing Metal 
Additives," AIAA Journal, Vol. 3, No. 2, 1965, p. 250. 
73. Cohen, N. S., and R. L. Derr; 
"Metal Combustion Efficiency Improvement," (U), Seventh 
JANNAF Combustion Conference, 1970, CPIA Publication 
204, 1971, Vol. 2, pp. 1-12. (Confidential) 
74, 	Cohen, N. S., R. W. Fleming and R. L. Derr; 
"Propellants and Combustion -- I. Role of Binder in 
Solid Propellant Combustion," AIAA/SAE Eighth Joint 
Propulsion Specialists Conference, AIAA Paper No. 
72-1121, 1972. 
75. 	Cohen Nir, E.; 
"Combustion of Powdered Metals in Contact with a 
Solid Oxidizer (Ammonium Perchlorate)," Office 
National d'Etudes et de Recherches Aerospatiales 
(ONERA), Chatillon, France. 
76. Courtney, W. G.; 
"Condensation During Heterogeneous Combustion," 
Eleventh Symposium (International) on Combustion, 
1966, The Combustion Institute, 1967, pp. 237-244. 
77. Courtney, W. G.; 
"Homogeneous Nucleation from Simple and Complex 
Systems," AIAA Progress in Astronautics and Aero-
nautics, Vol. 15, Heterogeneous Combustion, Academic 
Press, New York, 1964, pp. 667-700. 
78. Cowles, D., and D. Netzer; 
"The Effect of Acceleration on Composite Propellant 
Combustion," Combustion Science and Technology, Vol. 
3, 1971, pp. 215-229. 
79. Crowe, C. T., R. W. Hermsen and P. G. Willoughby; 
"Analytical and Experimental Studies of Nozzle Per- 
formance and 
Al203 
Particle Size," Two-Phase Flow 
Conference, March 15-16, 1967, AFRPL-TR-67-223. 
80. Crowe, C. T., and P. G. Willoughby; 
"Effect of Spin on the Internal Ballistics of a Solid 
Rocket Motor," AIAA Paper No. 66-523, 1966. 
81. Crowe, C. T., and P. G. Willoughby; 
"A Study of Particle Growth in a Rocket Nozzle," AIAA 
Journal, Vol. 5, No. 7, 1967, pp. 1300-1304. (See 
also: Same title, AIAA Preprint No. 66-639, 1966.) 
82. Crump, J. E.; 
"Aluminum Combustion in Composite Propellants," Second 
ICRPG Combustion Conference, 1965, CPIA Publication 
105, 1966, Vol. 1, pp. 321-329. 
83. Crump, J. E.; 
"The Behavior of Aluminum During Solid Propellant 
Combustion," a Naval Weapons Center film presented 
at the Eleventh International Symposium on Combus-
tion, University of California, Berkeley, August 1966. 
84. Crump, J. E.; 
"Combustion Instability Studies on Nonmetallized AP-HTPB 
Propellants," (U), Ninth JANNAF Combustion Meeting, 1972, 
CPIA Publication 231, 1972, Vol. 3, pp. 123-124. 
85. Crump, J. E.; 
"Photographic Survey of Aluminum Combustion in Solid 
Propellants," First ICRPG Combustion Instability Con-
ference, 1964, CPIA Publication 68, 1965, Vol. 1, 
PP. 367-370. 
86. Crump, J. E., J. L. Prentice, and K. J. Kraeutle; 
"Role of Scanning Electron Microscope in the Study of 
Solid Propellant Combustion: II. Behavior of Metal 
Additives," Combustion Science and Technology, Vol. 1, 
1969, pp. 205-223. (See also: Same title, Naval 
Weapons Center, China Lake, California, NWC-TP-5142) 
87. Crump, J. E.; 
"Surface Characteristics of Quenched Samples of Com-
posite-Aluminum Propellants," First ICRPG Combustion 
Instability Conference, 1964, CPIA Publication 68, 1965, 
Vol. 1, pp. 361-366. 
88. Culick, F. E. C. (Editor) 
"T-Burner Testing of Metalized Solid Propellants, 
Air Force Rocket Propulsion Laboratory, Edwards, 
California, AFRPL TR 74-28, October 1974. 
89. Davidhuk, E. L., and V. M. Mal'tsev; 
"Unit for Investigating the Radiation Spectrum of the 
Combustion Products of Condensed Systems in the Range 
	
0.5-8 	Combustion, Explosion, and Shock Waves, 
Vol. 10, No. 5, p. 682. 
90. Davis, A.; 
"Solid Propellants: The Combustion of Particles of 
Metal Ingredients," Combustion and Flame, Vol. 4, 
No. 12, 1963, pp. 359-367. (See also: Same title, 
Explosives Research and Development Establishment 
report 17/R/62, 4 December 1962. 
91. Dehority, G. L. 
"Parametric Study of Particulate Damping Based on the 
Model of Temkin and Dobbins," Naval Weapons Center, 
China Lake, California, Report NWC TP 5002, September 
1970. 
92. Delaney, L. J.; 
"Particle Characteristics in Two-Phase Plumes," 
Martin Marietta Corp., Rocket Plume Phenomena Spec-
ialists Meeting, July 11-12, 1968, Aerospace Corp. 
Report No. TOR-0200(S4960-10)-1. 
93. Derr, R., and M. Beckstead; 
"Tailoring of Solid Propellant Combustion," AFRPL 
TR-69-16, January 1969. 
94. Derr, R. L., and T. L. Boggs; 
"Role of Scanning Electron Microscopy in the Study of 
Solid Propellant Combustion: Part III. The Surface 
Structure and Profile Characteristics of Burning Com-
posite Solid Propellants," Combustion Science and 
Technology, Vol. 1, 1940, pp. 369-384. 
95. Derr, R. L., H. L. Churchill, and R. W. Fleming; 
"Aluminum Behavior Near the Burning Surface of a 
Composite Propellant," Tenth JANNAF Combustion Meet-
ing, 1973, CPLA Publication 243, 1973, Vol. 3, pp. 
327-340. 
1,/ 
96. Dobbins, R. A.; 
"Particle Size of Aluminum Oxide Produced By a Small 
Rocket Motor, Brown University, Final Report on 
Contract JPL 950973, November 1964. 
97. Dobbins, R., and L. Strand; 
"A Comparison of Two Methods of Measuring Particle 
Size of Al 0 Provided by a Small Rocket Motor," 2.3 
Jet Propulsion Laboratory, Report No. 32-1383, 
June 1969. 
98. Dobbins, R., and L. Strand; 
"Recent Measurements at JPL of Particle Size Al
2
0
3 from Small Rocket Motors," NASA TM 33-352, June 1967. 
99. Drew, C. M., A. S. Gordon and R. H. Knipe; 
"Study of Quenched Aluminum Particle Combustion," AIAA 
Progress in Astronautics and Aeronautics, Vol. 15, 
Heterogeneous Combustion, Academic Press, New York, 
1964, pp. 17-39. 
100. Drew, C. M., R. H. Knipe and A. S. Gordon; 
"The Morphology of Aluminum Particle Combustion," 
Western States Section, Combustion Institute, Paper 
No. WSS-CI 66-33, 1966. 
101. Duban, P., and J. Nicholas; 
"The Influence of the Presence of Solid Particles 
on the Flow in a Pipe, Recherche Aerospatiale (Aero-
space Research), No. 92, 1963, pp. 17-20. 
102. Dubrovin, L. V. Slepova and V. L. Kuznetsov; 
"Effect of Density on the Combustion of Alumino-
thermic Compositions," Combustion, Explosion and 
Shock Waves, Vol. 6, No. 1, 1970, p. 60. 
103. Eisel, J. L. 
"Development of Techniques for the Investigation of 
the Combustion Dynamics of Metalized Propellants, 
Final Report on NASA W0-8258," Naval Weapons Center, 
China Lake, California, TN 608-107, July 1971. 
104. Eisel, J. L., B. G. Brown and E. W. Price; 
"Pressure, Velocity, and Geometry Effect on Al 20 
Produced During Aluminized Propellant Combustion,
3 
" 
AIAA Journal, Vol. 13, No. 7, 1975, pp. 913-917. 
(See also: Eisel, Price and Brown, "A1,0, Parti- 
cles Produced During Solid Propellant todbustion, 
AIAA Paper No. 74-197. 1974.) 
105. Eisel, J. L., M. D. Horton, E. W. Price, and D. W. Rice; 
"Preferred Frequency Oscillatory Combustion of Solid 
Propellants," AIAA Journal, Vol. 2, No. 7, 1964, 
pp. 1319-1323. 
106. Eisel, J. L., E. W. Price, C. E. Stine, and B. G. Brown; 
"Pressure and Velocity Dependence of A1,0 3 Particles 
Produced During Solid Propellant Combustion," Tenth 
JANNAF Combustion Meeting, 1973, CPIA Publication 
243, 1973, Vol. 3, pp. 315-326. 
107. Elliott, D., and E. Weinberg; 
"Acceleration of Liquids in Two-Phase Nozzles," NASA 
TR 32-987, July 1968. 
108. Epstein, P. A., and R. R. Carhart; 
"The Absorption of Sound in Suspensions and Emulsions, 
I: Water Fog in Air," Journal of the Acoustical Society 
of America, Vol. 25, 1953, pp. 553-565. 
109. Ermolaev, B. S., A. I. Korotkov and Yu. V. Frolov; 
"Laws of Combustion of a Solid-Propellant Sandwich," 
Combustion, Explosion and Shock Waves, Vol. 6, No. 3, 
1970, pp. 251-257. 
/6 
110. Ermolaev, B. S., A. I. Korotkov and Yu. V. Frolov; 
"Study of the Action of Catalysts Using Layered 
Systems," Combustion, Explosion and Shock Waves, 
Vol. 5, No. 2, 1969, pp. 195-197. 
111. Ezhovskii, G. K., E. S. Ozerov, and A. A. Yurinov; 
"Ignition Limit of a Metallic Particle in a Mixture 
of Two Oxidizers," Combustion, Explosion, and Shock 
Waves, Vol. 9, No. 2, 1973, p. 281. 
17 
112. Fassell, W. M., et al.; 
- "An Experimental. Investigation of Propellant 
Ingredient Combustion Pnenomena," Aeroneutronic, 
Newport Beach, California, Report C-1730 on Con-
tract NOW 61-0905-C, June 1962. 
113. Fassell, W. M., C. A. Papp, D. L. Hildenbrand and R. P. 
Sernka; 
"The Experimental Nature of the Combustion of Metal-
lic Powder," ARS Progress in Astronautics and Rocketry, 
Vol. 1, Solid Propellant Rocket Research, Academic 
Press, New York, 1960, pp. 259-269. 
114. Fedoseyev, V. A.; 
"Combustion of Magnesium and Aluminum Particles in 
Different Media," Fizika Aerodiepersnykh Sistem, 
No. 3, Izdat. Kiyev. University, 1970, pp. 61-71. 
115. Fedoseyev, V. A.; 
"Concerning Combustion of Powdered Magnesium, Aluminum 
and their Alloys," Author's abstract, doctoral dis-
sertation, Odessa, U.S.S.R, 1961. 
116. Fein, H. L.; 
"A Theoretical Model for Predicting Aluminum Oxide 
Particle Size Distributions in Rocket Exhausts," 
AIAA Journal, Vol. 4, No. 1, 1966, pp. 92-98. 
117. Fenimore, C.P., and F. J. Martin; 
"Flammability of Polymers," Combustion and Flame, 
Vol. 10, No. 2, 1966, pp. 135-139. 
118. Frayssac, J., and S. Barrere; 
"Contribution to the Study of the Combustion of 
Metal Particles," Note Technique ONERA (ONERA 
Technical Note) 1961, unpublished. 
119. Friedman, R., and A. Macek; 
"Combustion Studies of Single Aluminum Particles," 
Ninth Symposium (International) on Combustion, 1962, 
The Combustion Institute, Academic Press, New York, 
1963, pp. 703-712. 
120. Friedman, R., and A. Macek; 
"Ignition and Combustion of Aluminum Particles in 
Hot Ambient Gases," Combustion and Flame, Vol. 6, 
1962, pp. 9-19. 
121. Frolov, Yu. V., A. I. Korotkov, et al; 
"Aluminum Combustion in Heterogeneous Condensed 
Systems," Fizika Aerodispersnykh Sistem, No. 3, 
Izdat. Kiyev University, 1970, pp. 126-137. 
122. Frolov, Yu. V., P. F. Pokhil, and V. S. Logachev; 
"Ignition and Combustion of Powdered Aluminum in 
High Temperature Gaseous Media and in a Composition 
of Heterogeneous Condensed Systems," Combustion, 
Explosion and Shock Waves, Vol. 8, No. 2, 1972. 
p. 168. 
123. Frost, V. A., and V. L. Yumashev; 
"Extinction of a Solid Propellant Accompanying a Fall 
in Pressure as a Loss of Combustion Stability," 
Combustion, Explosion, and Shock Waves, Vol. 12, No. 
4, 1976, p. 496. 
124. Gal'chenko, Yu. A., Yu. M. Grigor'ev, and A. G. Merzhanov; 
"Ignition of Aluminum in Carbon Dioxide," Combustion, 
Explosion, and Shock Waves, Vol. 9, No. 1, 1973, p. 
96. 
(Original Russian publication Jan.-Feb. 1973.) 
125. Glassman, Irvin; 
"Combustion of Metals: Physical Considerations," 
ARS Progress in Astronautics and Rocketry, Vol. 1, 
Solid Propellant Rocket Research, Academic Press, 
New York, 1960, pp. 253-258. 
126. Glazkova, A. P.; 
"Anomalies in the Burning of Ammonium Perchlorate 
and Ammonium Nitrate," Combustion, Explosion and 
Shock Waves, Vol. 4, No. 3, 1968, pp. 176-181. 
127. Glazkova, A. F.; 
"The Effect of Catalysts on the Combustion of Explo-
sives," Combustion, Explosion, and Shock Waves, Vol. 
10, No. 3, 1974, p. 281. 
128. Glukhov, V. I., and V. I. Gnatovskiy; 
"Agglomeration of Metal Particles During Combustion 
in Ballistic Powder," Fizika Aerodispersnykh Sistem, 
No. 3, Izdat. Kiyev. Univ., 1970, pp. 119-125. 
129 • Godai, T.; 
"Ablation Characteristics of Plastics," Proceedings 
of the Second International Symposium on Rockets and 
Astronautics, Tokyo, Japan, 1960, p. 104. 
130. Godsave, G. A. E.; 
"Studies of the Combustion of Drops in a Fuel Spray --
The Burning of Single Droplets in Fuel," Fourth Sympo-
sium (International) on Combustion, 1952 , The Com-
bustion Institute, Williams and Wilkins Co., Baltimore, 
1953, pp. 818-830. 
131. Gopolan, M., and L. Mandelkern: 
"The Effect of Crystallization Temperature and 
Molecular Weight on the Melting Temperature of 
Linear Polyethylene," Journal of Physical Chemis-
try, Vol. 71, No. 12, 1967, pp. 3383-3841. 
132. Gordon, A. S., C. M. Drew, J. L. Prentice and R. H. 
Knipe; 
"Techniques for the Study of the Combustion of 
Metals," AIAA Journal, Vol. 6, No. 4, 1960, 
pp. 577-583. 
133. Gordon, D. A. 
"Combustion Characteristics of Metal Particles," 
ARS Progress in Astronautics and Rocketry, Vol. 1, 
Solid Propellant Rocket Research, Academic Press, 
New York, 1960, pp. 271-278. 
134. Grachukho, V. P., A. M. Stepanov, and A. A. Khvattsev; 
"Estimate of the Dispersion of Products of Combustion 
of a Metal Particle," Combustion, Explosion, and 
Shock Waves, Vol. 12, No. 4, 1976, p. 470. 
135. Gradun, V. D., Yu. V. Frolov, L. Ya. Kashporov, and G. A. 
Ostretsov; 
"A Model for Detachment of a Condensed Particle from 
a Combustion Surface," Combustion, Explosion, and 
Shock Waves, Vol. 12, No. 2, 1976, p. 167. 
(Original Russian publication March-April 1976.) 
(7w 
136. Gremyachkin, V. M., A. G. Istratov, and O. I. Leipunskii; 
"Model for the Combustion of Metal Droplets," Combustion, 
Explosion, and Shock Waves, Vol. 11, No. 3, 1975, p. 313. 
137. Grigor'ev, Yu. M., Yu. A. Gal'chenko, and A. G. Merzhanov; 
"Investigation of the Rate of the High-Temperature 
Reaction between Aluminum and Oxygen Using the Igni-
tion Method," Combustion, Explosion, and Shock Waves, 
Vol. 9, No. 2, 1973, p. 162. 
138. Grigor'ev, A. I., and I. D. Grigor'eva; 
"Ignition of Metal Particles," Combustion, Explosion, 
and Shock Waves, Vol. 12, No. 2, 1976, p. 182. 
(Original Russian publication March-April 1976.) 
139. Grigor'ev, A. I., V. I. Sigimov, and I. D. Grigor'eva; 
"Ignition of a Solid Particle of Boron," Combustion, 
Explosion, and Shock Waves, Vol. 10, No. 4, 1974, 
p. 467. 
140. Grishin, A. M.; 
"All-Union Seminar on the Mechanics of Reactive Media," 
Combustion, Explosion, and Shock Waves, Vol. 9, No. 5, 
1973, p. 529. 
141. Grosse, A. V., and J. B. Conway; 
"Combustion of Metals in Oxygen," Industrial and 
Engineering Chemistry, Vol. 50, 1958, pp. 663-672. 
142. Gupta, Suresh K., and Kenneth M. Maloney; 
"Quasi-Equilibrium Approach to the Zirconium-Oxygen 
Combustion Pneomena," Journal of Applied Physics, 
Vol. 44, No. 7, July 1973, pp. 3339-3346. 
143. Gurevich, M. A., G. V. Ignatov, E. S. Ozerov and B. I. 
Sotnichenko; 
"Statistical Method of Obtaining the Combustion 
Characteristics of Metal Particles," Combustion, 
Explosion and Shock Waves, Vol. 5, No. 3, 1969, 
p.304. 
144. Gurevich, M.A., K. I. Kapkina and E. S. Ozerov; 
"Ignition Limits of Aluminum Particles," Combustion 
Explosion and Shock Waves, Vol. 6, No. 2, 1970, 
p. 172. 
145. Gurevich, M. A., E. S. Ozerov, and L. S. Rybina; 
"Calculation of the Rate of Vapor-Phase Diffusion 
Combustion of a Metallic Particle," Combustion, 
Explosion, and Shock Waves, Vol. 10, No. 3, 1974, 
p. 317. 
146. Gurevich, M. A., G. E. Ozerova and A. M. Stepanov; 
"Heterogeneous Ignition of an Aluminum Particle in 
Oxygen and Water Vapor," Combustion, Explosion and 
Shock Waves, Vol. 6, No. 3, 1970, pp. 291-297. 
147. Gurevich, M. A., Ye. S. Ozerov, and S. A. Chivilikhin; 
"The Ignition Limit of a Conglomerate of Metal 
Particles," Fizika Goreniya i Vzryva, Vol. 8, No. 4, 
Dec. 1972, pp. 526-532. 
148. Gurevich, M. A., and A. M. Stepanov; 
"Ignition of a Metal Particle," Combustion, Explosion, 
and Shock Waves, Vol. 4, No. 3, 1968, p. 188. 
149. Gurevich, M. A., and A. M. Stephanov; 
"Ignition Limits of a Metal Particle," Combustion, 
Explosion and Shock Waves, Vol. 4, No. 2, 1968, p. 109. 
150. Gusachenko, E. I., L. N. Stesik, V. P. Fursov, and V. I. 
Shevtsov; 
"Investigation of the Condensed Combustion Products 
of Magnesium Powders. I. Dependence on Pressure," 
Combustion, Explosion, and Shock Waves, Vol. 10, No. 
4, 1974, p. 476. 
151. Hansel, James G., and Robert F. McAlevy, III: 
''Energetics and Chemical Kinetics of Polystyrene 
Surface Degradation in Inert and Chemically Reactive 
Environments," AIAA Journal, Vol. 4, No. 5, 1966, 
pp. 841-847. 
152. Hansel, J. G., and A. M. Mellor; 
"Pre-Ignition and Ignition Processes of Metals," 
Guggenheim Laboratories for the Aerospace Propul-
sion Sciences, Princeton University, Princeton, 
New Jersey, Report No. 760 on NASA Grant NSG-641, 
November 1965. 
153. Harbert, B. C., and J. A. Keller; 
"Study of Combustion Characteristics of Aluminized 
Solid Rocket Propellants," Bulletin of the Fifteenth 
JANNAF Solid Propellant Group Meeting, Washington, 
D.C., June 1959, Vol. IV, pp. 211-232. 
154. Hartman, K. 0.; 
"Combustion Kinetics of Aluminum Particles in Propel-
lant Flames," Western States Section, Combustion 
Institute, 1971. 
155. Hartman, K. 0.; 
"Ignition and Combustion of Aluminum Particles in Pro-
pellant Flame Gases," Eighth JANNAF Combustion Meeting, 
1971, CPIA Publication 220, 1971, Vol. 1, pp. 1-24. 
oz/ 
156. Hester, J. N., and J. Chan; 
"Thermo-Cal Computer Program," Re. 9600:M 14, Aerojet 
Liquid Rocket Co., September 1969. 
157. Hewkin, D. J., J. A. Hicks, J. Pawling and H. Watts; 
"The Combustion of Nitric Ester-Based Propellants: 
Ballistic Modification by Lead Compounds," Combustion 
Science and Technology, Vol. 2, 1971, pp. 307-327. 
158. Hightower, J. D., and E. W. Price; 
"Combustion of Ammonium Perchlorate," Eleventh Sympo-
sium (International) on Combustion, 1966, The Combus-
tion Institute, 1967, pp. 463-472. 
159. Hightower, J. D., and E. W. Price; 
"Two-Dimensional Experimental Studies of the Combustion 
Zone of Composite Propellants," Second ICRPG Combustion 
Conference, 1965, CPIA Publication 105, 1966, Vol. 1, 
pp. 421-436. 
160. Hilado, Carlos J.; 
"Physical Aspects of the Flammability Evaluation of 
Polymers," Journal of Cellular Plastics, July/August 
1971, pp. 181-188. 
161. Hoffman, J. D., and S. A. Lorenc; 
"A Parametric Study of Gas-Particle Flows in Conical 
Nozzles," AIAA Journal, Vol. 3, No. 1, 1965, pp. 
103-106. 
162. Hoglund, R.; 
"Recent Advances in Gas-Particle Nozzle Flow," ARS 
Solid Propellant Rocket Conference, Preprint No. 
2331-62, January 24-26, 1962. 
163. Horton, M. D., J. L. Eisel, and E. W. Price; 
"Low-Frequency Acoustic Oscillatory Combustion," AIAA 
Journal, Vol. 1, No. 11, 1963, pp. 2652-2654. 
164. Horton, M. D., J. L. Eisel, and E. W. Price; 
"Low-Frequency Combustion Instability of Solid Rocket 
Propellants, 1 September 1962 - 1 May 1963," Naval 
Ordnance Test Station, China Lake, California, May 
1963, TPR 318, NOTS TP 3248. 
165. Horton, M. D., and M. R. McGee; 
"Particulate Damping of Oscillatory Combustion," AIAA 
Journal, Vol. 1, No. 5, June 1963, pp. 1319-1326. 
166. Hunt, M. H., C. A. Heller and A. S. Bordon; 
"Surface Temperatures of Burning Double Base 
Propellants, Naval Weapons Center, NAVORD Report 
2079, NOTS 814, January 1954. 
167. Inami, Y. H., and H. Shanfield; 
"Nonacoustic Combustion Pulsations of Ammonium Per-
chlorate Containing Aluminum," AIAA Journal, Vol. 2, 
No. 7, 1964, pp. 1314-1318. 
168. Isom, K. B., and H. D. Dixon; 
"Aluminum Treatment Effects on Composite Modified 
Double Base Propellant Combustion," Ninth JANNAF 
Combustion Meeting, 1972, CPIA Publication 231, 1972, 
Vol. 1, pp. 347-358. 
169. Jacobs, P. W. M., and J. Powling; 
"The Role of Sublimation in the Combustion of Ammonium 
Perchlorate Propellants," Combustion and Flame, Vol. 
13, No. 4, 1969, pp. 71-81. 
170. Jacobs, P. W. M., and H. M. Whitehead; 
"Decomposition and Combustion of Ammonium Perchlorate," 
Chemical Reviews, March 1969, pp. 551-590. 
171. JANNAF Thermochemical Tables; 
"JANNAF Thermochemical Tables," Second Edition, D. R. 
Stull and H. Prophet, et. al. (editors) NSRDS-NBS 37, 
U. S. Government Printing Office, June 1971. 
172. Jenkins, R. M., and R. F. Hoglund; 
"A Unified Theory of Particle Growth in Rocket Cham-
bers and Nozzles," AIAA Fifth Propulsion Joint Spe-
cialist Conference, U. S. Air Force Academy, Colorado, 
AIAA Paper 69-541, June 1969. 
173. Kalubukhov, G. V., Yu. A. Yurmanov, A. B. Ryzhik, and 
B. S. Limonov; 
"Effect of Pressure on the Aluminum Powder Combustion 
Process," Combustion, Explosion and Shock Waves, 
Vol. 7, No. 4, 1971, pp. 521-522. 
174. Kashporov, L. Ya., Yu. V. Frolov, G. A. Ostretsov, and V. 
N. Stepanov; 
"Investigation of the Agglomeration of the Condensed 
Phase with the Combustion of Model Compositions with 
a High Content of Powdered Metals," Combustion, Explo-
sion, and Shock Waves, Vol. 11, No. 1, 1975, p. 27. 
(Original Russian publication Jan.-Feb. 1975.) 
175. Keenan, A. G., and R. F. Siegmund; 
"Thermal Decomposition of Ammonium Perchlorate," 
Chemical Society, London, Quarterly Reviews, Vol. 23, 
1959, pp. 430-452. 
176. Khaikin, B. I., V. N. Bloshenko and A. G. Merzhanov; 
"On Ignition of Metal Particles," Combustion, Explo-
sion and Shock Waves, Vol. 6, No. 4, 1970, p. 412. 
177. Kichin, Yu. S., and N. N. Bakhman; 
"Effect of a Molten Layer on the Surface of the 
Charge on the Initial-Temperature Dependence of the 
Burning Rate," Combustion, Explosion and Shock Waves, 
Vol. 6, No. 4, 1970, pp. 370-373. 
178. King, M. K., and E. T. McHale; 
"An Optical Bomb Study of the Combustion of Solid 
Propellants in High Acceleration Fields, Atlantic 
Research Corporation, Second Annual Technical Report, 
1969. 
179. Kirsanova, Z. V.; 
"Measurement of the Distribution of the Particles in 
a Two-Phase Flow with the Combustion of a Solid Fuel," 
Combustion, Explosion, and Shock Waves, Vol. 10, 
No. 4, 1974, p. 483. 
180. Kirschfeld, L.; 
"Uber die Verbrennungsgeschwindigkeit von Leichmetall-
drahten in Sauerstoff," Metall, Vol. 14, 1960, pp. 213-
219. 
181. Kirschfeld, L.; 
"Uber die Verbrennungsgeschwindigkeit von Leichtmetall-
drahten in Sauerstoff hohen Druckes," Metall,Vol. 15, 
1961, pp. 873-878. 
182. Kliegel, J. R.; 
"Gas-Particle Nozzle Flows," Ninth Symposium (Inter-
national) on Combustion, 1962, The Combustion Insti-
tute, Academic Press, New York, 1963, p. 811. 
183. Kliegel, J. R.; 
"One Dimensional Flow of a Gas-Particle System," 
Institute of the Aerospace Sciences 28th Annual Meet-
ing, New York, January 25-27, 1960, IAS Paper No. 60-5. 
184. Kling, R., and J. Brulard; 
"Study of the Combustion of Composite Powders by 
Means of Ultra-Rapid Microphotography," Recherche 
Aerospatiale (Aerospace Research), No. 80, 1961, 
pp. 3-11. 
185. Klyachko, L. A.; 
"Combustion of a Stationary Particle of Low-Boiling 
Metal," Combustion, Explosion and Shock Waves, Vol. 5 
No. 3, 1969, p. 279. 
186. Klyachko, L., and D. F. Poihil; 
"Combustion of Powdered Metals in Active Media," 
FTD-MT-24-551-73, p. 233. 
187. Klyauzov, A. K., M. M. Arsh, et al; 
"Ignition of Metal Powders in Combustion Products of 
Model Fuel," Fizika Goreniya i Vzryv, Izd vo Nauka, 
Moscow, 1972, pp. 250-253. 
188. Knipe, R. H.; 
"Aluminum Droplet Combustion and Condensed Phase 
Products," Two-Phase Flow Conference, March 15-16 
1967, AFRPL TR-67-223. 
c)Y 
189. Knipe, R. H., and H. C. Christensen; 
"Recent Studies of Aluminum Particle Combustion at 
NOTS," Second ICRPG Combustion Conference, 1965, CPIA 
Publication 105, 1966, Vol. 1, pp. 367-378. 
190. Kraeutle, K. J.; 
"The Analysis of Combustion Residues of Aluminized 
Propellants and Its Significance for the Study of 
Acoustic Damping," Tenth JANNAF Combustion Meeting, 
1973, CPIA Publication 243, 1973, Vol. 3, pp. 297-314. 
191. Kraeutle, K. J.; 
"The Behavior of Aluminum During Subignition Heating 
and Its Dependence on Environmental Conditions and 
Particle Properties," Ninth JANNAF Combustion Meeting, 
1972, CPIA Publication 231, 1972, Vol. 1, pp. 325-340. 
192. Kraeutle, K. J.; 
"Method to Test Adhesion of Aluminum Particles During 
Subignition Heating Dependence of Adhesion on Particle 
Properties," Thirteenth JANNAF Combustion Meeting, 
1976, CPIA Publication 281, 1976, Vol. 2, pp. 461-478. 
193. Kraeutle, K. J.; 
"The Thermal Decomposition of Ammonium Perchlorate," 
Western States Section, Combustion Institute, Paper 
No. WSS-CI 69-20, 1969. 
194. Kraeutle, K. J.; 
"The Thermal Decomposition of Orthorhombic Ammonium 
Perchlorate Single Crystals," Journal of Physical 
Chemistry, Vol. 74, 1970, pp. 1350 - 1356. 
195. Kraeutle, K. J., H. B. Mathes, and G. L. Dehority; 
"Combustion Instability Studies Using Metallized 
Solid Propellants: Part II, Effect of Pretreated 
Aluminum on Particle Damping for Double-Base Pro-
pellants," Twelfth JANNAF Combustion Meeting, 1975, 
CPIA Publication 273, 1975, Vol. 3, p. 125. (Confi-
dential). 
196. Krashin, M.; 
"Final Report for Subtask 1, Particulate Effects of 
Task 5, Pressure Oscillation Study," Hercules Powder 
Company, Contract F04701-71-C-0003-PZ-0001, April 
1972. 
197. Kubaschewski, 0., and B. E. Hopkins: 
"Oxidation of Metals and Alloys," Second Edition, 
Butterworths, London, 1962. 
198. Kudryavtsev, V. M., A. V. Sukhov, and V. A. Chernov; 
"Combustion o f Aluminum in Media of Different 
Compositions," Izvestiya Vysshikh Uchebnykh Zavedeniy 
Mashinostroyeniye, No. 1, 1974, pp. 77-81. 
199. Kudryavtsev, V. M., A. V. Voronetskiy, and A. V. Sukhov; 
"Ignition Delays and Combustion Rates of Metals," 
Izvestiya Vysshikh Uchebnykh Zavedeniy, Mashino-
stroyeniye, No. 6, 1975, pp. 81-84. 
200. Kuehl, D. K.; 
"Ignition and Combustion of Aluminum and Beryllium," 
AIAA Journal, Vol. 3, No. 12, 1965, pp. 2239-2247. 
201. Kuehl, D. K.; 
"The Ignition and Combustion of Small Diameter 
Aluminum Wires," Pyrodynamics, Vol. 3, 1965, pp. 
65-79. 
202. Kuehl, D. K., and M. L. Zwillenberg; 
"Investigation of the Ignition and Combustion of 
Metal Wires, Final Report,"UARL Report F-910336-24, 
May 1967. 
30 
203. Kuehl, D. K., M. L. Zwillenberg, and W. G. Burwell; 
"Investigation of the Ignition and Combustion of 
Metal Wires, First Annual Report,"UARL Report 
E-910336-12, July 1966. 
204. Kuentzmann, P.; 
"Agglomeration of Alumina Particles in the Flow of a 
Metallized Propellant Rocket Nozzle," FTD-HC-23-2716-74. 
205. Kurtovich, D. D., and G. T. Pinson; 
"How To Find the Exhaust Radiation of Aluminized Solid 
Rockets," Space/Aeronautics, July 1961, pp. 66-69. 
206. Lawrence, G. D., and G. S. Foerster; 
"Pressureless Sintering of Aluminum Powder," Metals 
Engineering Quarterly, Vol. 11, No. 3,1971, pp. 25-30. 
207. Levashenko, G. I., and L. P. Bakhir; 
"Method for the Withdrawal of Particles Formed during 
the Combustion of Metallized Condensed Systems in a 
Constant-Pressure Chamber," Combustion, Explosion, 
and Shock Waves, Vol. 9, No. 2, 1973, p. 287. 
208. This reference number unused. 
209. Lobanov, I. N., V. N. Chuvaev, and N. N. Bakhman; 
"Buildup of Catalyst on the Surface of a Charge during 
Combustion," Combustion, Explosion, and Shock Waves, 
Vol. 9, No. 3, 1973, p. 347. 
210. Lockheed Propulsion Company; 
"An Experimental Study of the Use of a Magnesium/ 
Aluminum Eutectic Coating to Improve Aluminum Com-
bustion Efficiency,"Report NASA CR-111813, LPC 365-F, 
November 1970. 
211. Lurevich, M. A., G. Ye., Ozerova, and A. M. Stepanov; 
"Calculating Combustion Rate of Metal Particle with 
Condensation of Oxide Considered,"Goreniye i Vzryv, 
Izd vo Nauka, Moscow, 1972, pp. 175-181. 
212. Macek, A.; 
"Fundamentals of Combustion of Single Aluminum and 
Beryllium Particles," Eleventh Symposium (International) 
on Combustion, 1966, The Combustion Institute, 1967, 
pp. 203-214. (See also: Same title, Project Squid 
Technical Report ARC-9-P, June 9, 1969.) 
213. Macek, A., R. Friedman, and J. M. Semple; 
"Techniques for the Study of Combustion of Beryllium 
and Aluminum Particles," AIAA Progress in Astronautics 
and Aeronautics, Vol. 15, Heterogeneous Combustion, 
Academic Press, New York, 1964, pp. 3-16. 
214. Macek, A., and J. McK. Semple; 
"Experimental Burning Rates and Combustion Mechanisms 
of Single Beryllium Particles," Twelfth Symposium 
(International) on Combustion, 1968, The Combustion 
Institute, 1969, pp. 71-79. 
3g 
215. Macek, A., and J. M. Semple; 
"Time-Resolved Spectroscopy of Single Burning Metal 
Particles," Western States Section, Combustion Insti-
tute, Paper No. 66-5, 1966. 
216. Madorsky, Samuel L.; 
"Thermal Degradation of Organic Polymers," Interscience 
Publishers, New York, 1964. 
217. Maksimov, E. I.; 
"Combustion Rate of Heterogeneous Condensed Systems 
with Large-Size Particles," Combustion, Explosion, 
and Shock Waves, Vol. 12, No. 4, 1976, p. 583. 
218. Maksimov, E. J., Yu. M. Grigor'ev, and A. G. Merzhanov; 
"On the Principles and Mechanism of the Combustion of 
Ammonium Perchlorate," Translated from Izvestiya 
Akademii Nauk SSSR, Seriya Khimicheskaya, No. 3, 
March 1966, pp. 422-429. 
219. Maksimov, Yu. M., E. I. Maksimov, and V. N. Vilyunov; 
"Effect of Overcharges on the Combustion of Model 
Mixed Metallized Compositions," Combustion, Explo-
sion, and Shock Waves, Vol. 10, No. 2, 1974, p. 146. 
(Original Russian publication March-April 1974.) 
220. Mal'tsev, V. M., A. G. Stasenko, V. A. Seleznev, and P. F. 
Pokhil; 
"Spectroscopic Investigation of Combustion Zones of 
Flame Flares of Condensed Systems," Combustion, Ex-
plosion, and Shock Waves, Vol. 9, No. 2, 1973, p. 186. 
221. Mandelkern, Leo; 
"The Effect of Molecular Weight on the Crystallization 
and Melting of Long-Chain Molecules," Journal of 
Polymer Science, Part C, No. 18, 1967, pp. 51-55. 
33 
222. Manelis, G. B., and Ju. I. Rubtsov; 
"Kinetics of the Thermal Decomposition of Ammonium 
Perchlorate," Army Engineer Research and Development 
Laboratories, T-1904-67, May 1967, translated from 
Zhurnal Fiz. Khim., Vol. 40, No. 6, 1966, pp. 770-774. 
223. Manelis, G. B., Yu. I. Rubtsov, and A. V. Raevskii; 
"Thermal Decomposition Mechanism of Inorganic Oxydizers 
(Survey)," Combustion, Explosion and Shock Waves, 
Vol. 6, No. 1, 1970, pp. 1-8. 
224. Marble, F. E.; 
"Mechanism of Particle Collision in the One-Dimensional 
Dynamics of Gas-Particle Mixtures," Physics of Fluids, 
Vol. 7, No. 8, 1964, pp. 1270-1282. 
225. Markstein, G. H.; 
"Analysis of a Dilute Diffusion Flame Maintained by 
Heterogeneous Reaction," AIAA Progress in Astronautics 
and Aeronautics, Vol. 15, Heterogeneous Combustion, 
Academic Press, 1964, pp. 177-202. 
226. Markstein, G. H.; 
"Combustion of Metals," AIAA Journal, Vol. 1, No. 3, 
1963, pp. 550-562. 
227. Markstein, G. H.; 
"Heterogeneous Reaction Processes in Metal Combustion," 
Eleventh Symposium (International) on Combustion, 1966, 
The Combustion Institute, 1967, pp. 219-234. 
228. Markstein, G. H.; 
"Magnesium-Oxygen Dilute Diffusion Flame," Ninth 
Symposium (International) on Combustion, 1962, 
The Combustion Institute, Academic Press, New 
York, 1963, pp. 137-147. 
229. Maycock, J. N., V. R. Pai Verneker, and P. W. M. Jacobs; 
"Mass-Spectrometric Study of the Thermal Decomposition 
of Ammonium Perchlorate," Journal of Chemical Physics, 
Vol. 46, No. 7, 1967, pp. 2857-2858. 
230. McAlevy, Robert F., III, and James G. Hansel; 
"Linear Pyrolysis of Thermoplastics in Chemically 
Reactive Environments, AIAA Journal,Vol. 3, No. 2, 
1965, pp. 244-249. 
231. McAlevy, R. F., W. Y. Lee, and R. P. Wilson, Jr.; 
"The Combustion of Porous Aluminum Plugs with 
Oxygen Throughput," Pyrodynamics, Vol. 5, 1967, 
pp. 17-27. 
232. McCarty, K. P.; 
"Techniques for Studying the Combustion of Aluminum in 
Solid Propellants," Western States Section, Combustion 
Institute, Paper No. 62-18, 1962. 
233. McClure, F. T., et al.; 
"First Report of the Working Group on Solid Propellant 
Combustion Instability," Applied Physics Laboratory, 
The Johns Hopkins University, Silver Spring, Maryland, 
TG 371-1, July 1960. 
234. Mellor, Arthur M. 
"Heterogeneous Ignition of Metals, Model and Experi-
ment," Princeton University, Department of Aerospace 
and Mechanical Sciences Technical Report No. 816, 
1967. 
235. Mellor, Arthur M., and Irvin Glassman; 
"Augmented Ignition Efficiency for Aluminum," Combustion 
Science and Technology, Vol. 1, No. 6, 1970, pp. 437-447. 
(See also: Same title, Princeton University, Department 
of Aerospace Sciences Technical Report No. 791, 1967.) 
35 
236. Mellor, A. M., and I. Glassman; 
"A Physical Criterion for Metal Ignition," Pyro-
dynamics, Vol. 3, 1965, p. 43. 
237. Mellor, A. M., and Irvin Glassman; 
"Vapor-Phase Diffusion Flames in the Combustion of 
Magnesium and Aluminum: III. Experimental Observa-
tions in Carbon Dioxide Atmospheres," AIAA Progress 
in Astronautics and Aeronautics, Vol. 15, Heterogeneous 
Combustion, Academic Press, New York, 1964, pp. 159-176 
238. Merzhanov, A. G.; 
" Thermal Theory of Metal Particle Ignition," AIAA 
Journal, Vol. 13, No. 2, 1975, pp. 209-214. 
239. Merzhanov, A. G., Yu. M. Grigor'yev, and L. B. Mashinkov; 
"Ignition of Aluminum Wire," Goreniye i Vzryv, Izd 
vo Nauka, Moscow, 1972, pp. 245-249. 
240. Micheli, P. L.; 
"Prediction of Burning Rate of Aluminum in Solid 
Rocket Motors," Thirteenth JANNAF Combustion Meeting, 
1976, CPIA Publication 281, 1976, Vol. 2, p. 487. 
241. Micheli, P. L., and W. G. Schmidt; 
"Behavior of Aluminum in Solid Rocket Motors," AFRPL 
TR-77-29, Final Report, Volume 2, December 1977. 
242. Mikheev, V. F., and S. M. Borin; 
"Measurement of the Mass Combustion Rate of Solid 
Explosives," Combustion, Explosion, and Shock 
Waves, Vol. 9, No. 2, 1973, p. 284. 
243. Miller, R. R.; 
"Combustion of Metallic Fuels in Composite-Modified 
Double-Base (CMDB) Propellants," (U), First ICRPG 
Combustion Instability Conference, 1964, CPIA Publi-
cation 68, 1965, Vol. 2, pp. 59-60. 
244. Miller, R. R.; 
"Some Factors Affecting the Combustion of Aluminum in 
Solid Propellants," Second ICRPG Combustion Conference, 
1965, CPIA Publication 105, 1966, Vol. 1, pp. 331-355. 
245. Nack, T. H.; 
"Theory of Particle Agglomeration, Mean Size 
Determination and Chamber Coagulation in Rocket 
Motors," Two-Phase Flow Conference, March 15-16, 
1967, AFRPL TR-67-223. 
246. Nagoka, T., K. Ito and T. Koreki; 
"Combustion of Propellant Under Spin Acceleration," 
Eighth International Symposium on Space Technology 
and Science, Tokyo, Japan, AGNE Publications, Inc., 
1969. 
247. Naval Ordnance Test Station; 
"Aluminum Combustion in Composite Propellants," film 
produced by U. S. NOTS Technical Information Depart-
ment, 1966. 
248. Naval Ordnance Test Station; 
"Aluminum Particle Combustion, Progress Report 1 
April 1964 - 30 June 1965," Metal Combustion Study 
Group, NOTS TP 3916, April 1966. 
249. Naval Weapons Center; 
"Experimental Studies on the Oscillatory Combustion 
of Solid Propellants," Naval Weapons Center, China 
Lake, California, Report NWC TP-4393, March 1969 
250. Nelson, L. S., N. L. Richardson and J. L. Prentice; 
"Apparatus for the Production and Ignition of Metal 
Droplets with a Pulsed Laser," The Review of Scien- 
tific Instruments, Vol. 39, 1968, p. 744. 
251. Netzer, D. W., and G. B. Northam; 
"Review of the Workshop on the Effects of Acceleration 
on the Combustion of Solid Propellants," Tenth JANNAF 
Combustion Meeting, 1973, CPIA Publication 243, 1973, 
Vol. 1, pp. 185-198. 
252. Nikiforov, V. S., and N. N. Bakhman; 
"The Effect of Aluminum Additives on the Operational 
Effectiveness of the Catalytic Combustion Agent Fe 203 ," 
Goreniye i Vzryv, 1972, pp. 70-73. 
253. Nikiforov, V. S., N. N. Bakhman, T. N. Krup and F. P. 
Madyakin; 
"Burning Rates of Three-Component Systems," Com-
bustion, Explosion and Shock Waves, Vol. 7, No. 4, 
1971, p. 465. 
254. Northam, G. B.; 
"Acceleration-Induced Transient Burning-Rate Augmenta-
tion of an Aluminized Solid Rocket Propellant, Ph.D. 
Thesis, Virginia Polytechnic Institute, 1969. 
255. Northam, G. B.; 
"Effects of Steady-State Acceleration on Combustion of 
an Aluminized Composite Solid Propellant," NASA TN 
D-4914, 1968. 
256. Northam, G. B.; 
"On Experimental Investigation of the Effects of 
Acceleration on the Combustion Characteristics of an 
Aluminized Composite Solid Propellant," Presented at 
the ICRPG/AIAA Solid Propulsion Conference, Washington, 
D.C., July 19 - 21, 1966. 
257. Northam, G. B., and M. H. Lucy; 
"Effects of Acceleration Upon Solid Rocket Performance," 
Journal of Spacecraft and Rockets, Vol. 6, No. 4, 1969, 
pp. 456-459. (See also: "On the Effects of Acceleration 
Upon Solid Rocket Performance," AIAA Paper No. 68-530, 
1968.) 
258. Novikov, N. P., I. P. Borovinskaya, and A. G. Merzhanov; 
"Dependence of the Composition of the Products and 
the Combustion Rate in Metal-Boron Systems on the 
Ratio of the Reagents," Combustion, Explosion, and 
Shock Waves, Vol. 10, No. 2, 1974, p. 175. 
259. Novikov, S. S., P. F. Pokhil, and Yu. S. Ryazantsev; 
"Modern Ideas on the Mechanism of Combustion of 
Condensed Systems, A Review," Combustion, Explosion 
and Shock Waves, Vol. 4, No. 4, 1968, pp. 266-275. 
260. Novikov, S. S., P. F. Pokhil, Yu. S. Ryazantsev and L. A. 
Sukhanov; 
"A Characteristic Feature of the Combustion Mechanism 
of Condensed Mixtures," Zhurnal Fizicheskoy Kh mii, 
Vol. 43, No. 3, 1969, pp. 656-658. 
261. Oberg, C. L., and A. L. Huebner; 
"Effects of Aluminum on Solid-Propellant Combustion 
Instability," AFOSR-66-1847, R-6654, July 1966. 
262. ONERA Film, No. 441; 
"Cinemicrography of the Combustion of Metallized 
Composite Powders," 1964. 
263. ONERA Film, No. 376; 
"Cinemicrography of the Combustion of Solid Rocket 
Fuels," 1961. 
264. ONERA Film, No. 392; 
"Visualization of the Combustion of a Solid Rocket 
Fuel Inside a Rocket Engine," 1962. 
265. Ordzhonikidze, S. K., A. D. Margolin, P. F. Pokhil, 
and A. S. Uralov; 
"Combustion of Aluminized Condensed Systems Under 
Acceleration Loading," Combustion, Explosion and 
Shock Waves, Vol. 7, No. 4, 1971, p. 458. 
266. O'Reilly, J. M., and W. M. Prest; 
"Elastic Properties of Polymer Melts," General 
Electric Corp., Schenectady, New York, Report No. 
66-C-272, August 1966. 
267. Ostretsov, G. A., Yu. V. Frolov, et al: 
"The Mechanism of Agglomeration During the Burning of 
Solid Fuels with High Content of Metallic and Organic 
Combustibles," 0 Mekhanizme Aglomeratsii Pri Gorenii 
Tverdykh Topliv s Bol'shim Soderzhaniyem Metalliches-
kogo Goryuchikh, Akademiya Nauk SSSR, Institut Khi-
micheskoy Fiziki, Chernogolovaka, 1974, pp. 1-9. 
268. Pokhil, P. F., A. F. Belyayev, Yu. V. Frolov, V. S. Loga-
chev, and A. I. Korotkov; 
"Combustion of Powdered Materials in Active Media," 
Gorenyi Poroshkovbraznykh Metalov v Aktionykh Sredakh, 
1972, 1972, pp. 1-295. (See also: Air Force Systems 
Command Report FTD-MT-24-551-73, 1973.) 
269. Pokhil, P. F., V. S. Logachev, and V. M. Mal'tsev; 
"Coalescence of Metal Particles During the Combustion 
of Metallized Balistite Compositions and Fuel-Oxidizer 
Mixtures," Combustion, Explosion, and Shock Waves, Vol. 
6, No. 1, 1970, p. 76. 
(Original Russian publication 1970.) 
270. Pokhil, P. F., V. S. Logachev, and V. M. Mal'tsev; 
"The Mechanism of Metal Particle Combustion," Combus-
tion, Explosion and Shock Waves, Vol. 6, No. 3, 1970, 
P. 356. 
271. Pokhil, P. F., V. S. Logachev, and V. M. Mal'tsev; 
"Study of Metallic Particles Coalescence in the 
Combustion of Metallized Ballistic Compounds and 
Fuel-Oxidizer Mixtures," Fizika Goreniya i Vzryva, 
Vol. 6, No. 1, March 1970, pp. 80-82. 
272. Pokhil, P. F., V. S. Logachev, et al; 
"Spectral and Photometric Study of the Flames of 
Model Fuel - Oxidizer - Metal Compositions," Fizika 
Goreniya i Vzryva, Vol. 6, No. 2, Apr.-June 1970, 
pp. 143-152. 
273. Pokhil, P. F., V. M. Mal'tsev, V. S. Logachev, and 
V. A. Saleznev; 
"Combustion of Aluminum Particles in the Flames of 
Condensed Systems," Combustion, Explosion and Shock 
Waves, Vol. 7, No. 1, 1971, p.43 
274. Pokhil, P. F., V. M. Mal'tsev, V. A. Seleznev, and N. K. 
Mamina; 
"Optical Technique for Determining the Surface Temp-
erature of a (Burning) Powder," Fizika Goreniya i 
Vzryva, Vol. 3, No. 3, 1967, pp. 328-338. 
yr 
275. Polishchuk, D. I., and I. Grigor'yev; 
"Critical Ignition Conditions for Metal Particles 
Taking into Consideration the Formation of Volatile 
Compunds," Odessa State University, Odessa, U.S.S.R., 
Third International Symposium on Combustion Processes, 
Kasimierz, Poland, September 1973. 
276. Popov, E. I., L. Ya. Kashporov, V. M. Mal'tsev, and A. L. 
Breiter; 
"Combustion Mechanism of Aluminum," Combustion, Ex-
plosion, and Shock Waves, Vol. 9, No. 2, 1973, p. 204. 
277. Povinelli, L. A.; 
"Behavior of Large Aluminum Particles in Composite 
Propellants," First ICRPG Combustion Instability 
Conference, 1964, CPIA Publication 68, 1965, Vol. 1, 
pp. 373-376. 
278. Povinelli, L. A.; 
"Effect of Oxidizer Particle Size on Additive Agglom-
eration," NASA TN D-1438, November 1962. 
279. Povinelli, L. A.; 
"Particulate Damping in Solid Propellant Combustion 
Instability,"AIAA Journal, Vol. 5, No. 10, 1967, 
pp. 1791-1796. 
280. Povinelli, L. A., and C. C. Ciepluch; 
"Surface Phenomena in Solid Propellant Combustion," 
Bulletin of the Interagency Solid Propulsion Meeting, 
CPIA Publication 18, 1963, Vol. 2, pp. 387-400. 
281. Povinelli, L. A., and R. A. Rosenstein; 
"Alumina Size Distributions from High-Pressure Com-
posite Solid Propellant Combustion," AIAA Journal, 
Vol. 2, No. 10, 1964, pp. 1754-1760. 
ic% 
282. Powling, J.; 
"Experiments Relating to the Combustion of Ammonium 
Perchlorate-Based Propellants," Eleventh Symposium 
(International) on Combustion, 1966, The Combustion 
Institute, 1967, pp. 447-456. 
283. Prentice, J. L.; 
"Aluminum Droplet Combustion," Naval Weapons Center, 
NWC TP 5569, April 1974. 
284. Prentice, J. L.; 
"Aluminum Particle Combustion Progress Report," 
Naval Ordnance Test Station, China Lake, California, 
NOTS TP 3916, 1966. 
285. Prentice, J. L.; 
"Combustion of Pulse-Heated Single Particles of Alum-
inum and Beryllium," Western States Section, Combustion 
Institute, Paper No. WSS-CI 69-2, 1969. 
286. Prentice, J. L.; 
"Combustion of Single Aluminum Droplets in Various 
Oxidizing Gases Including CO
2 
and Water Vapor," 
Tenth JANNAF Combustion Meeting, 1973, CPIA Publica-
tion 243, 1973, Vol. 3, pp. 279-296. 
287. Prentice, Jack L.; 
"On the Combustion of Single Aluminum Particles," 
Letter to the Editors, Combustion and Flame, Vol. 9, 
1965, pp. 209-211. 
288. Prentice, J. L.; 
"Experimental Burning Rates of Single Laser-Ignited 
Beryllium Droplets," Western States Section, Combus-
tion Institute, Paper No. WSS-CI 71-23, 1971. 
289. Prentice, J. L. (Editor); 
"Metal Particle Combustion, Progress Report, 1 July 
1965 - 1 May 1967," Naval Weapons Center, China 
Lake, California, NWC TP 4435, 1968. 
290. Prentice, J. L.; 
"Reaction of Nitrogen with Burning Beryllium Droplets," 
Combustion Science and Technology, Vol. 5, 1972, p. 273. 
291. Prentice, J. L., C. M. Drew, and 1. C. Christensen; 
"High Speed Photography of Aluminum Particle Combus-
tion in Flames," Western States Section, Combustion 
Institute, 1964. 
292. Prentice, J. L., C. M. Drew, and H. C. Christensen; 
"Preliminary Studies of High Speed Photography of 
Aluminum Particle Combustion in Flames," Pyrodynamics, 
Vol. 3, 1965, pp. 81-90. 
293. Prentice, J. L., and K. J. Kraeutle; 
"Metal Particle Combustion, Progress Report, 1 May 
1967 - 30 September 1968," Naval Weapons Center, 
China Lake, California, NWC TP 4658, January 1969. 
294. Prentice, J. L., and L. S. Nelson; 
"Differences Between the Combustion of Aluminum 
Droplets in Air and in an Oxygen-Argon Mixture," 
Journal of the Electrochemical Society, 115, 
1968, p. 809 -812. 
295. Price, E. W.; 
"Combustion Instability in Rocket Motors with 
Aluminized Solid Propellants," Naval Weapons Center, 
China Lake, California, NWC TP 5505, June 1973. 
296. Price, E. W.; 
"Comments on: 'Role of Aluminum in Suppressing Insta-
bility in Solid Propellant Rocket Motors,'" AIAA 
Journal, Vol. 9, No. 5, 1971, pp. 987-990. 
297. Price, E. W.; 
"Low Frequency Combustion Instability of Solid Rocket 
Propellants," 1 July - 1 September 1962," U. S. Naval 
Ordnance Test Station, NOTS TPR 301, NOTS TP 3107, 
December 1962. 
298. Price, E. W.; 
"Review of the Combustion Instability Characteristics 
of Solid Propellants," Advances in Tactical Rocket 
Propulsion, AGARD Conference Proceedings No. 1, Tech-
nivision Services, Maidenhead, England, 1969, pp. 141-
194. 
299. Price, E. W.; 
"Summary Report on JANNAF Workshop on 'Behavior of 
Aluminum in Solid Propellant Combustion,"' Thirteenth 
JANNAF Combustion Meeting, 1976, CPIA Publication 281, 
1976, Vol. 2, pp. 453-460. 
300. Price, E. W.; 
Contributions to the Panel Discussion on "The Status 
of the T-Burner as a Combustion Stability Evaluation 
Tool for Metallized Propellants, Ninth JANNAF Combus- 
tion Meeting, 1972, CPIA Publication 231, 1972, Vol. 1, 
pp. 317-324. 
301. Price, E. W., H. C. Christensen, R. H. Knipe, C. M. Drew, 
and J. L. Prentice; 
"Aluminum Particle Combustion Progress Report, 
1 April 1964 - 30 June 1965," U. S. Naval Ordnance 
Test Station, China Lake, California, NOTS TP 3916, 
1966. 
302. Price, E. W., J. D. Hightower, K. J. Kraeutle, J. E. Crump, 
M. W. Beckstead, H. B. Mathes and F. G. Buffalo.; 
"Combustion of Solid Propellants and Low Frequency 
Combustion Instability," Aerothermochemistry Division, 
U. S. Naval Ordnance Test Station, China Lake, Califor-
nia, NOTS TP 4244, June 1967. 
l/ 
303. Price, E. W., and H. B. Mathes; 
"Effect of Ingredient Variables on the Combustion and 
Damping Behavior of an Aluminized CMDB Propellant," 
(U), Ninth JANNAF Combustion Meeting, 1972, CPIA Pub-
lication 231, 1972, Vol. 3, pp. 135-146. (Confidential) 
304. Price, E. W., H. B. Mathes and K. J. Kraeutle; 
"Effect of Partial Preoxidation of Aluminum on Oscil-
latory Combustion Behavior of an HTPB-AP Propellant," 
(U), Ninth JANNAF Combustion Meeting, 1972, CPIA 
Publication 231, 1972, Vol. 3, pp. 147-158. (Confi-
dential). 
305. Price, E. W., H. B. Mathes, O. H. Madden and B. G. Brown; 
"Pulsed T-Burner Testing of Combustion Dynamics of 
Aluminized Solid Propellants," Astronautics and Aero-
nautics, Vol. 10, No. 4, 1972, pp. 65-72. 
306. Price, E. W., H. B. Mathes, D. E. Zurn and B. G. Brown; 
"Combustion Instability of Aluminized Propellants. 
Part 1. Progress on Support of Air Force Program," 
Naval Weapons Center, China Lake, California, NWC 
TP 5060, April 1971. 
307. Price, E. W., D. W. Rice, and J. E. Crump; 
"Low Frequency Combustion Instability of Solid Rocket 
Propellants," U. S. Naval Ordnance Test Station, NOTS 
TPR 360, NOTS TP 3524, July 1964. 
308. Radke, H., L. Delaney and P. Smith; 
"Exhaust Particle Size Data from Small and Large 
Solid Rocket Motors," Aerospace Corporation Technology 
Division Report No. TPR-1001 (S2951-18), 3 July 1967. 
309. Razdobreev, A. A., A. I. Skorik, and Yu. V. Frolov; 
"Ignition and Combustion Mechanism in Aluminum Parti-
cles," Combustion, Explosion, and Shock Waves, Vol. 
12, No. 2, 1976, p. 177. 
(Original Russian publication March-April 1976.) 
310. Reynolds, W. C.; 
"Investigation of Ignition Temperatures of Solid 
Metals," National Aeronautics and Space Administra-
tion, NASA TN D-182, 1959. 
311. Romodanova, L. D., and P. R. Pokhil; 
"Combustion of the Composition Fe 20, + Al + Al 203 ," 
Combustion, Explosion and Shock Wavgs, Vol. 5, No. 2, 
1969, p. 189. 
312. Romodanova, L. D., and P. F. Pokhil; 
"Effect of Adding Metals and Their Borides on Burning 
Rate of Composite Systems," Combustion, Explosion, 
and Shock Waves, Vol. 9, No. 2, 1973, p. 195. 
313. Romodanova, L.D., and P. F. Pokhil; 
"Effect of the Activity of Aluminum and Magnesium 
Powders on the Combustion of AP Compositions," 
Combustion, Explosion and Shock Waves, Vol. 6, 
No. 1, 1970, pp. 121-124. 





on the Burning Rate of Compositions 
Based on Ammonium Perchlorate and Metal Fuels," 
Combustion, Explosion and Shock Waves, Vol. 4, No. 3, 
196 , p. 186. 
(Original Russian publication May-June 1968.) 
315. Rudnev, A. P.; 
"Low-Frequency Stability of the Combustion of Condensed 
Systems with Rapidly Burning Elements," Combustion, 
Explosion, and Shock Waves, Vol. 12, No. 6, 1976, p. 747. 
316. Sabadell, A. J., J. Wenograd, and M. Summerfield; 
"Measurement of Temperature Profiles through Solid 
Propellant Flames Using Fine Thermocouples," AIAA 
Journal, Vol. 3, No. 9, 1965, pp. 1580-1584. 
317. Sehgal, R.; 
"The Collection and Evaluation of Particle Matter 
Produced by Polyurethane Binder, Beryllium, Ammonium 
Perchlorate Solid Propellants," Jet Propulsion Lab-
oratories, Pasadena, California, Space Programs 
Summary Report 37-22, August 1963, Vol. V, pp. 2-12. 
318. Sehgal, R.; 
"Combustion of Metals," First ICRPG Combustion Insta-
bility Conference, 1964, CPIA Publication 68, 1965, 
Vol. 1, pp. 371-372. 
319. Selenev, V. A., P. F. Pokhil, V. M. Mal'tsev, and I. B. 
Borykin; 
"An Optical Method of Measuring the Burning Surface 
Temperature of Condensed Systems," Combustion and 
Flame, Vol. 13, April 1969, pp. 139-142. 
320. Shannon, L. J., and J. E. Erickson; 
"Thermal Decomposition of Composite Solid Propellant 
Binders," Sixth ICRPG Combustion Conference, 1969, 
CPIA Publication 192, 1969, Vol. 1, pp. 513-518. 
321. Shashkov, A. N., N. N. Bakhman and Yu. A. Kondrashkov; 
"Effect of Aluminum on the Burning Rates of Com-
posite Systems with Different Combustion Temperatures," 
Combustion, Explosion and Shock Waves, Vol. 6, No. 2, 
1970, p. 215. 
322. Shteinberg, A. L., and W. A. Sokolova; 
"Linear Pyrolysis of Condensed Substances," Akademiya 
Nauk SSSR, Doklady, Vol. 158, 1964, p. 448. 
323. Sims, James R., James E. Crump, and Benjamin Y. S. Lee; 
"Research Studies of Metalized, Fuel-Rich Propellants," 
AIAA Second Propulsion Joint Specialists Conference, 
Colorado Springs, Colorado, June 13-17, 1966, AIAA 
Paper No. 66-616. 
324. Smith, R. C.; 
"Effect of AP Particle Size on Solid-Propellant 
Combustion Efficiency," Journal of Spacecraft and 
Rockets, Vol. 5, No. 11, 1968, pp. 1360-1362. 
325. Smith, P. W., L. W. Delaney, and H. H. Radke; 
"Summary Results of Particle Size Measurements," 
Two-Phase Flow Conference, March 15-16, 1967, 
AFRPL TR-67-223. 
326. Sturm, E. J., and R. E. Reichenbach; 
"Aluminized Composite Solid Propellant Burning 
Rates in Acceleration Fields," AIAA Journal, Vol. 7, 
No. 11, 1969, pp. 2087-2093. 
327. Sturm, E. J., and R. E. Reichenbach; 
"An Experimental Study of the Burning Rates of Alum-
inized Composite Solid Propellants in Acceleration 
Fields," AIAA Paper No. 68-529, 1968. 
328. Summerfield, M., and Herman Krier; 
"Role of Aluminum in Suppressing Instability in 
Solid Propellant Rocket Motors," Reprinted from 
Problems of Hydrodynamics and Continuum Mechanics, 
published by Society for Industrial and Applied 
Mathematics, Philadelphia, Pennsylvania, April 1969. 
329. Summerfield, Martin, G. S. Sutherland, M. J. Webb, H. J. 
Taback and K. P. Hall; 
"Burning Mechanism of Ammonium Perchlorate Propel-
lants," ARS Progress in Astronautics and Rocketry, 
Vol. 1, Solid Propellant Rocket Research, Academic 
Press, New York, 1960, pp. 141-182. 
1/9 
330. Temkin, S., and R. A. Dobbins; 
"Attenuation and Dispersion of Sound by Particle 
Relaxation Processes," Journal Acoustic Society 
of America, Vol. 40, 1966, pp. 317-324. 
331. Temple University Research Institute 
Grosse, A. V., and J. B. Conway , First Technical 
Report on Contract N9-0NR-87301 , 15 October 1951. 
Conway, J. B., and A. V. Grosse , Second Technical 
Report on Contract NR-ONR-87301 , 1 July 1952. 
Conway, J. B., and A. V. Grosse , Final Technical 
Report on Contract N9-ONR-87301 , July 1954. 
332. Udlock, D. E., R. A. McKay, and G. M. Simmons; 
"Potential Improvement of Low Pressure Combustion 
Efficiency of Aluminized Solid Propellants, Tenth 
JANNAF Combustion Meeting, 1973, CPIA Publication 
243, 1973, Vol. 3, pp. 341-348. 
333. United Technology Center; 
"Dynamics of Two-Phase Flow in Rocket Nozzles," 
United Technology Center, Sunnyvale, California, 
Final Technical Summary Report UTC 2102-FR, Sept-
ember 1965. 
334. United Technology Center; 
"Investigation of Internal Ballistic Effects in Spin-
ning Solid Propellant Motors," United Technology Center, 
UTC FR-2281, October 1968. 
50 
335. Varney, Michael A.; 
"An Experimental Investigation of the Burning 
Mechanisms of Ammonium Perchlorate Composite Solid 
Propellants," Ph.D. Thesis, Georgia Institute of 
Technology, May 1970. 
336. Watermeier, L. A.; 
Comments in Panel on "Solid-Propellant Combustion 
Instability," Eighth Symposium (International) on 
Combustion, 1960, The Combustion Institute, Williams 
and Wilkins Co., Baltimore, 1962, p. 920. 
337. Watermeier, L. A., W. P. Aungst, and S. P. Pfaff; 
"An Experimental Study of the Aluminum Additive Role 
in Unstable Combustion of Solid Rocket Propellants," 
Ninth Symposium (International) on Combustion, 1962, 
The Combustion Institute, Academic Press, New York, 
1963, pp. 316-327. 
338. White, E. L., and J. J. Ward; 
"Ignition of Metals in Oxygen," Defense Metals 
Information Center, Battelle Memorial Institute, 
Columbus, Ohio, DMIC Report 224, February 1966. 
339. Willoughby, P. G., K. L. Baker and R. W. Hermsen; 
"Photographic Study of Solid Propellants Burning in 
an Acceleration Environment," National Aeronautics 
and Space Administration, NASA CR-66824, 1969. 
340. Willoughby, P. G., C. T. Crowe, and K. L. Baker; 
"A Photographic and Analytic Study of Composite 
Propellant Combustion in an Acceleration Field," 
Journal of Spacecraft and Rockets, Vol. 8, No. 4, 
1971, pp. 310-317. 
341. Wilson, R. P., Jr., and F. A. Williams; 
"Experimental Study of the Combustion of Single Alumi-
num Particles in 02 /Ar , " Thirteenth Symposium (Inter- 
national) on Combustion, 1970, The Combustion Insti-
tute, 1971, pp. 833-845. 
342. Wood, W. A.; 
"Metal Combustion in Deflagrating Propellant," ARS 
Progress in Astronautics and Rocketry, Vol. 1, Solid 
Propellant Rocket Research, Acad mic Press, New York, 
1960, pp. 287-291. 
343. Yelyutin, V. P., B. S. Mitin, and V. V. Samoteykin; 
"Effect of High-Temperature Oxidation on Ignition 
Characteristics of Finely-Dispersed Aluminum Powder," 
Goreniye i Vzryv, Izd vo Nauka, Moscow, 1972, pp. 241-2L 
5A 
344. Zeamer, R. J. 
"Methods for Predicting Particle Behavior in Two-Phase 
Flow," Two-Phase Flow Conference, March 15-16, 1967, 
AFRPL TR 67-223. 
345. Zeamer, Richard J.; 
"Survey Paper on Erosion Produced by High-Speed Two-
Phase Flow in Solid Propellant Rocket Motors," AGARD 
Propulsion and Energetics Panel, Wright-Patterson 
Air Force Base, Ohio, October 1969, AGARD Conference 
Proceedings No. 52. 
346. Zenin, A. A.; 
"Structure of Temperature Distribution in Steady-State 
Burning of a Ballistic Powder," Fizika Goreniya i 
Vzryva, Vol. 2, No. 3, 1966, pp. 67-76. 
347. Zenin, A. A., A. P. Glazkova, 0 I. Leypunskii, and V. K. 
Bobolev; 
"Effect of Aluminum on the Burning of Ammonium Per-
chlorate-Polyformaldehyde Mixtures," Combustion, 
Explosion and Shock Waves, Vol. 4, No. 3, 1968, p.299. 
(Original Russian publication 1968.) 
348. Zlobinskii, V. G. Ioffe, Kh. I. Peirik and E. I. Popov; 
"Combustion Temperature of Metal-Powder Aerosols," 
Combustion, Explosion and Shock Waves, Vol. 5, No. 




Please note that further information from NWC Code 388 is 
needed for items S-9, S-28, S-31, S-32 and S-45 as described. 
1. Bastress, E. K.; 
"Modification of the Burning Rates of Ammonium Perchlorate 
Propellants by Particle Size Control," Ph.D. Thesis, Depart-
ment of Aeronautical Engineering, Princeton University, 
January 1961. 
2. Boggs, T. L., D. E. Zurn, W. C. Strahle, J. C. Handley, and 
T. T. Milkie: 
"Mechanisms of Combustion," Naval Weapons Center, China 
Lake, California, NWC TP 5514. 
3. Boggs, T. L., C. F. Price, D. E. Zurn, R. L. Derr, and E. J. 
Dibble; 
"Temperature Sensitivity of Deflagration Rates of Cyclo-
tetramethylenitetranitt amine (HMX)," Thirteenth JANNAF 
Combustion Meeting, 1976 , CPI A Publication 281, 1976. 
4. Boggs, T. L., C. W. Price, and D. E. Zurn; 
"The Deflagration of Pure and isomorphously Doped Paulo-
nivm Perc'llorate," Thirteenth Symposium (International) 
on Combustion, The Combustion Institute, 1971. 
5. This bibliography number not used. 
6. Brown, R. S.; 
"Development and Evaluation of Rotating Valve Combus-
tion Response Test Technique," AFRPL-TR-76-72, Chem-
ical Systems Division/United Technologies, October 1976. 
7. Capener, E. L., L. A. Dickinson, and R. J. Kier; 
"Driving Processes of Finite-Amplitude Axial Mode Insta-
bility in Solid Propellant Rockets," AIAA Journal, Vol. 
5, No. 5, 1967, pp. 938-45. 
8. Coates, R. L., "Linear Pyrolysis Rate Measurements of Propellant 
Constituents" AIAA J Vol. 9, No. 7, July 1965. Colloquium 
(Pergammon Press, London, England, 1958. 
9. Cordes, H.; 
Suggest reference here by Cordes, NWC, on decomposition, 
mass spectrographic analysis of ammonium perchlorate. 
-10. 	Derr, R. L.; 
"Review of the Workshop on Steady State Combustion and 
Modeling of Composite Solid Propellants," Seventh JANNAP 
Combustion Meeting, CPIA Publication 204, 1971, Vol. 1. 
11. 	Fleming, R. W., R. L. Derr, and N. S. Cohen; 
"Role of Binder in Solid Propellant Combustion," AIAA 
Vol. 12, No. 2, p. 212 February 1974. 
12. 	Geisler, R. L.; 
"Summary Report on 1977 	Al-, --, ;n= Combustion 
shop," Fourteenth ZAN= Cc ,mbustf= Metin -4, 1977, CPIA 
Publication 292, 1977. 
13. Herley, P. J., P. W. M. Jacobs, and P. W. Levy; 
"A Photomicrographic and Electron Microscope Study of 
Nucleation in Ammonium Perchlorate," Proc. Royal Soc. 
London, A. Vol. 318, 1970, pc. 197-211. 
14. Hightower, J. D., and E. W. Price; 
"Experimental Studies Relating to the Combustion Mech-
anism of Composite Propellants," Astronautica Acta, 
Vol. 14, No. 11, November 1968. 
15. 	King, M. N. "Modeling of Simple Particle Aluminum Combustion" AFOSR- 
TR-78-6060. Atlantic Research Corporation, November 1977. 
16. Kraeutle, R. J., and H. H. Bradley; "Combustion of Aluminized Pro- 
pellants: The Influence of Pressure and Propellant Composition 
on Formation of Aluminum Combustion Residue" CPIA Publ. 292, 
Vol. I, 1977. 
17. Kubota, N., T. J. Olemiller, L. H. Caveny, and N. Summerfield; 
"The Mechanism of Super-rata --;urn .Thg of Catalyzed Double 
Base Propellants," Fifteenth Symposium (International) on 
Combustion, The Combustion Institute, 1973. (See also AIA.!,. 
Journal, Vol. 12, 1974, p. 1709. 
18. Kuentzmann, P., and L. Naudad; 
"Response des Propergols Solides aux Oscillations de 
Pression et de Vitesse," Combustion Science and Tech-
nology, Vol. 2, 1975, p. 119. 
19. Law, C. K., "A Simplified Theoretical Model for the Vapor-Phase 
Combustion of Metal Particles" Combustion Service and Technology 
Vol. 7, p. 197, 1973. 
20. Levy, J. B., and a. Friedman; 
"Further Studies of Pure Ammonium Perchlorate Deflagra-
tion," Eighth Symposium (International) on Combustion, 
The Williams and Wilkins Co., Baltimore, Maryland, 1972. 
21. Mathes, H. B., R.J. Kraeutle, and A. I. Atwood, "Effect of Propellant 
Surface Orientation in the Combustion and Damping 3ehavior of 
Aluminized Propellants," CPIA Publ. 292, Vol. I, 1977. 
22. Mathes, H. B., R. J. Kraeutle, G. L. Dehority and R. L. Derr; 
"Combustion Instability Studies Using fetal? zed Propellants; 
Part III Characteristics of Particulate Metal Oxide Residues 
in T-Burners" 12th si.,!NAF Combustion Meeting, August 1975. 
CPIA Publication 273, December 1975. 
23. Mathes, H. B., R.J. Kraeutle, and A. I. Atwood, "Effect of Propellant 
Orientation on the Combustion and Damping Behavior of Aluminized 
Propellants" 14th JAN AFCombustion Meeting, August 1977, CPIA 
Publ. 292, Vol. I, December 1977. 
24. Micheli, P. L., M. J. Difore and W. G. Schmidt; " A Literature 
Review of Aluminum Combustion" Aerojet Solid Propulsion Co., 
Report 1214-LR-1, February 1975. 
25. Miller, R. R., and J. R. Martin; 
"Control of Solids Distribution, IV - Aluminum Par- 
ticle Size and 
Fe203 
on the Burn Rate of Propellants," 
-Fourteenth JANNAF Combustion Meeting, 1977, CPIA 
Publication 292, Vol. 1. 
26. Miller, R. R., M. T. Donahue, R. A. Yount, J. R. Martin; "Control 
of Solids Distribution in HTPB Propellants" A< ?L TR-73-I4 
Hercules Incorporated, Allegany Ballistics Laboratory, April 
1978. 
27. Miller, R. R., M. T. Donohue, and J. R. Martin; 
"Control of Solids Distribution, II - The Effect of 
Aluminum Addition on HIPS Propellant Burn Rate," Thir-
teenth JANNAF Combustion Meeting, 1976, CPIA Publica-
tion 281, 1976. 
51 
28. 	Naval Weapons Center; 
These are prints from single 
pictures taken at NWC. Much 
and 6 are from the more than 
families of propellants from 
as well as NWC. 
frames of high speed motion 
of the results of Sections 5 
hundred such tests on 
different laboratories 
29. Naval Weapons Center; 
"Combustion of Solid Propellants and Low Frequency 
Combustion Instability: Progre ss Report 1 April - 30 
September 1967," Naval weapons Center, China Lake, 
California, NWC TP 4478, April 1968. 
30. Naval Weapons Center; 
Motion picture by D. E. Zurn on propellant supplied by 
Jet Propulsion Laboratory, California Institute of Tech-
nology (See Figure 32). 
31. This is a reference by Netzer, et al, Naval Post Graduate 
School, showing color schlieren photography of combus-
tion. Report unavailable at GIT; please refer to T. L. 
Boggs, NWC Code 388 for reference. 
32. This is a publication describing the use of ammonium per- 
chlorate decomposition tests to calculate propellant 
burning rate. The paper is by Graham Pearson, et al; 
please refer to T. L. Boggs, NWC Code 388, for details 
of reference. 




L., and G. L. Coffer, III; 
Temperature Decomposition of Ammonium Perchlorate 
CO2  Laser-Mass Spectrometry," AIAA Preprint 69-143, 
34. Price, E. 	J. E. Crump, H. C. Christensen, and R. Sehgal; 
"Comments on 'Alumina Size Distributions from Ki4h-Pressure 
Composite Solid-Propellant Combustion," AIAA Journal, Vol. 
3, No. 9, 1965. 
35. Price, E. W., and R. K. Sigman; 
"Behavior of Aluminum in Solid Propellant Combustion," 
AFOSR-TR 77-050, Georgia Institute of Technology, 
November 1976. 
36. Price, E. W., S. S. Samant, R. K. Sigman, W. L. Meyer, 
E. A. Powell, J. C. Handley and W. C. Strahle; 
"The Fire Environment of a Solid Rocket Propellant 
Burning in Air," Air Force Weapons Laboratory Report 
No. TR 78-34, in press. 
37. Price, E. W., and R. K. Sigman; 
"Behavior of Aluminum in Solid Propellant Combustion," 
Fourteenth JANNAF Combustion Meeting, 1977, CPIA Pub-
lication 292, 1977, Vol. 1. 
38. Price, E. W.; 
"Axial Mode, Intermediate Frezuency Combustion Instability 
in Solid Propellant Rocket Motors," AIAA Solid Propellant 
Rocket Conference, 1964, AID. Preprint No. 64-146. (See 
also NWC TP 5654, October 1974.) 
39. Price, E. W.; 
"Review of Solid Rocket Combust.ion. Instability in Develop-
ment Programs 1960-1964," Naval Ordnance Test Station, 
China Lake, California, NOTS Technical Note 5008-16, 18 
June 1964. 
40. Price, E. W.; 
"Combustion Instability in Solid Rocket Development Pro-
grams 1965-1967," Naval Ordnance Test Station, China Lake, 
California, NOTS Technical Note 5003-49, 6 June 1967. 
6/ 
41. 	Price, E. W., H. B. Mathes, D. E. Zurn, and B. G. Brown; 
"Combustion Instability of Aluminized Propellants, Part 
1," Naval Weapons Center, China Lake, California, NWC 
TP 5060, Part 1, April 1971. 
42. Roberts, A. K., and W. G. Brownlee; 
"Nonlinear Longitudinal Combustion Instability: The 
Influence of Propellant Composition," ALGA Fifth 
Propulsion Joint Specialist Conference, 1959, AIAA 
Paper No. 69-480. 
43. Sammons, G. D.; 
"Solid Propellant Combustion ::odeling," Tenth JANNAE 
Combustion Meeting, CPIA Publication 243, 1973, Vol. I. 
44. Schultz, R. D., W. Green Jr., and S. S. Penner; 
"Studies of the Decomposition Mechanism, Erosive Burning 
Sonancc and Resonances for Solid Composite Propellants" 
Combustion and Propulsion, 3rd AGARD. 
45. Tajima, 
Report on decomposition of ammonium perchlorate and 
analysis of products by mass spectrograph. Not available 
at GIT, suggest that this reference be provided by T. L. 
Boggs or H. Cordes, NWC Code 388. 
46. Thiokol Chemical Corporation; 
"Summary Report on Solution of the Combustion Instability 
Incurred in the Development of the =2-260 Rocket Motor," 
Elkton, Maryland, November 15, 1960, Report No. E170-60. 
(Confidential). 
47. von. Elbe, C., and E. T. McHale; "Gasification by Sublimination, 
Nucleate Boiling and Chemical Attach in Oxidizer Deflagrati. 
Waves." 2nd ICRPG Combustion Conference November 1965; CPI.. 
Publication No. 105, May 1966. 
48. Vaesche, R. H. W., J. Wenograd, and L. R. Feinauer; 
"Investigation of Solid Propellant Decomposition Char-
acteristics and Their Relation to Observed 3urning Rates," 
ICRPG/LIAA Solid Propulsion-Conference, June 1967, pp. 
136 - 147. 
49. Zenin, A. A.; 
"Formal Kinetic Characteristics of the Reactions 
Accompanying the Burning of a Powder," Combustion, 
Explosion and Shock Waves (Fizika Goreniya i Vzryva), 
Vol. 2, No. 2, 1966. 
GLOSSARY OF ABBREVIATIONS 
AFRPL - 	(U. S.) Air Force Rocket Propulsion Laboratory, Edwards, 
California 
AGARD - 	The Advisory Group for Aerospace Research and Development 
of NATO (North Atlantic Treaty Organization) 
AIAA - 	American Institute of Aeronautics and Astronautics, 
New York City 
ARS - 	American Rocket Society (a predecessor of AIAA) 
ATD - 	Aerospace Technology Division, Library of Congress 
CI - 	The Combustion Institute, Pittsburgh, Pennsylvania 
CPIA - Chemical Propulsion Information Agency, Johns Hopkins 
University, Applied Physics Laboratory, Laurel, Maryland 
ERDE - 	Explosives Research and Defense Establishment, England 
IAS - 	Institute of Aeronautical Sciences; Institute of Aero- 
space Sciences (a predecessor of AIAA) 
ICRPG - 	Interagency Chemical Rocket Propulsion Group (predecessor 
of JANNAF) 
JANNAF - Joint Army Navy NASA Air Force Working Group on Combustion 
NACA - 	National Advisory Committee for Aeronautics, Washington, D.C. 
(predecessor of NASA) 
NASA - 	National Aeronautics and Space Administration, Washington, D.C. 
NATO - 	North Atlantic Treaty Organization, Paris 
NOTS - 	(U. S.) Naval Ordnance Test Station, China Lake, California 
NWC - (U. S.) Naval Weapons Center, China Lake, California 
ODDRE - 	Office of the Director of Defense Research and Engineering, 
U. S. Department of Defense, Washington, D.C. 
ONERA - 	Office Nationale d'Etudes et de Recherches Aerospatiales, 
Chatillon, France 
RPE - 	Rocket Propulsion Establishment, England 
SNPE - 	Societe Nationale des Poudres et Explosifs, Paris 
UARL - United Aircraft Corporation Research Laboratories, East 
Hartford, Connecticut 
UTC - 	United Technology Center; now Chemical Systems Division, 
United Technologies, Sunnyvale, California 
WSS-CI - Western States Section, The Combustion Institute 
Reference-Bibliography Number Code  
R-1 	40, 47, 68, 82, 83, 85, 128, 169, 232, 243, 244, 247, 262, 263, 
264, 291, 302, 336, 337, 339, 340 
R-2 	40, 69, 86, 87, 123 
R-3 	26, 69, 99, 100, 135, 207, 241 
R-4 	19, 57, 90, 99, 100, 113, 114, 118, 119, 120, 122, 124, 132, 133, 
189, 199, 212, 213, 226, 248, 250, 268, 283-294, 301, 309, 347 
R-5 	59, 61, 62, 200, 201, 202, 203 
R-6 	37, 39, 191, 192, 206, 249, 289, 295, 299, 304, S-35, S-37 
R-7a 54, 55, 56, 69, 79, 81, 92, 96, 97, 98, 104, 134, 179, 188, 190, 
195, 196, 204, 268, 281, 289, 295, 296, 306, 308, 317, 324, 340, S-36 
R-7b 88, 305, S-6, S-18 
R-7c 19, 20, 59, 60, 68, 69, 120, 125, 136, 145, 188, 202, 211, 226, 
227, 240, 241, 268, 270, 276, 309. 
R-8 	S-12, S-26, S-27 
R-9 	2 
R-10 295, 296, 298, 306, 328, S-7, S-38, S-39, S-40, S-41, S-42, S-46 
R-11a 191, 268 





R-14 36, 39, 43, 	50, 70, 74, 	170, 	175, 	193, 	194, 222, 	223, 	230, 268, 302, 
320, 335, S-4, S-8, S-11, S-13, S-29, S-35, S-37, S-44 
R-15 29, 31-40, 42, 126, 158, 	218, 230, 231, 268, 302, S-2, S-4, S-20, S-29 
R-16 229, 272, S-33, S-45 
R-17 34, 	36, 83, 	85, 158, 168, 	178, 	184, 232, 236, 242, 247, 262, 263, 264, 
268, 	291, 	323, 336, 339, 340, 342, S-2, S-29 
R-18 19, 	21, 	22, 	32, 33, 34, 	36, 	38, 	39, 40, 41, 42, 	54, 	56, 	57, 	67, 	68, 
69, 	75, 	82, 86, 87, 97, 	98, 	99, 	100, 	104, 	106, 	112, 	123, 	132, 	134, 
150, 	158, 	165, 188, 189, 	190, 	202, 207, 251, 	268, 	269, 271, 278, 
280, 	281, 283-294, 301, 302, 325, 329, 335, 339, 340, S-1, S-2, S-4, 
S-12, S-13, S-14, S-16, S-21, S-22, S-24, S-29, S-34, S-35, S-36, S-37 
R-19 S-32, S-43, S-48 
R-20 S-47 
R-21 34, 	193, 	194, 302, 	S-13 
R-22 32, 	34, 	36, 	37, 39, 158, S-4 
R-23 36, S-4 
R-24 335, S-35, S-37 
R-25 36, S-4 
R-26 69 
R-27 268, 316, S-10 
R-28 157, S-17, S-49 
R-29 22, S-10, S-31 
R-30 281, S-34 
R-31 S-28 
R-32 37, 39, 94, S-1, S-10 
R-33 This reference number unused. 
R-34 85, 302 
R-35 69, 302 
R-36 335, S-35, S-37 
R-37 37, 94, 159, S-11, S-14 
R-38 241, 268 
R-39 41, 83, 85, 299, S-12 
0 
R-40 S-35, S-37 
R-41 191, 192, S-35, 	S-37 
R-42 191, 192, 193, 	194, S-35, 	S-37 
R-43 191 
R-44 39, 86, 	191, 	192, 	289, 	S-35, 	S-37 
R-45 191, S-35 
R-46 86, 191, S-35 
R-47 191, 192, S-35 
R-48 21, 86, 	289 
R-49 289 
R-50 S-35 
R-51 289, S-37 
R-52 75, 167, 307 
R-53 167, 307 
7 
R-54 167, 307 
R-55 35, S-2 
R-56 S-25, S-26, S-27 
R-57 122 (p. 181), 241 (p. A-25) 
R-58 243, 244, 281 
R-59 103 
R-60 192 
R-61 68, 226, 268, S-24 
R-62 90, 189, 213, 289 
R-63 213, 289 
R-64 289 (p. 30) 
R-65 200-203 incl., 234, 237 
R-66 307 
















68, 	99, 	289 
122, 	268, S-12, S-37 
S-25 p. 96 
91, 	165, 	190, 	195, 	295, 	296, 	298, 	304, 
182, 	183, 	268 
122, 	241, 	268, 	S-12, 	S-37 
250, 	283 to 290 incl., 	293, 	294 
25, 	90, 	155, 	268 
19, 	20, 	99, 	100, 	120, 	212, 	213, 	268 
99, 	113, 	172, 	226, 	289, 291, 	292 
132, 	189, 	226, 	291, 	292 
286 
286 






















































This reference number unused. 
	
25, 	268, 	S-24 
25 




104, 190, S-16, S-21, S-22, 
S-16, S-21, 	S-36 
S-36 
190, 	195, 	S-16 
55, 	183, 	344, 	345 
190, 202, S-16 
104 
S-21 
S-23, S-36 
